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Abstract
Over the past years, prevention of cracking in concrete structures, especially at early age,
has been a challenge facing transportation agencies. During early age, restraint of thermal and
moisture related volume changes causes cracking in concrete. This research focuses on evaluating
the effectiveness of different cracking mitigation strategies that can be implemented, in different
concrete elements, to reduce early-age cracking incidents and therefore enhance concrete service
life. To this end, a battery of field and laboratory testing were conducted, and finite element
analysis was performed to better understand the mechanisms of primary significance on
minimizing cracking risks commonly associated with concrete pavement, repair slabs and bridge
decks.
Typically, rapid repair materials such as high early-strength (HES) concrete mixtures are
used when full depth repairs are required in jointed plain concrete pavements (JPCPs). HES
concrete are characterized by high cement content and low water-to-cement (w/c) ratio, which can
result in higher temperature rise and higher autogenous shrinkage, and ultimately higher cracking
potential. This study investigated several strategies which could minimize these effects and
subsequently lower the early-age cracking risks. Those cracking mitigating measures include
modifications to mixture design; namely, reduction of paste content, inclusion of lightweight
aggregate (LWA), shrinkage-reducing admixture (SRA), and incorporation of polypropylene fiber.
Additionally, the effectiveness of base restraint minimization measures using different base
friction-reducing mediums (geotextile and double layers of polyethylene sheets) at the slab-base
interface were also examined. The effect of each of these measures was evaluated in-situ by
x

measuring the stress and temperature development in concrete test slabs instrumented with
concrete stressmeters and thermocouples. Additionally, laboratory experiments were also
conducted in order to further assess the cracking mitigating strategies by determining the tensile
stress to strength ratio.
The findings indicate that at early-age, it is possible to achieve higher tensile strengths and
lower tensile stresses with low paste mixtures. Similarly, incorporation of lightweight aggregates
(LWA), decreased the induced tensile stresses at early age and demonstrated promising results in
minimizing cracking risks. However, SRA and fibers, showed minimal effects on stress
development at early age. In terms of the two base-friction mediums examined here, differences
in their performance during the first 24 hours was believed to be due to their different effects on
the moisture migration to the base, rather than their friction reducing effect; polyethylene sheets
at the slab-base interface prevented moisture loss while the geotextile augmented it. Therefore, it
is important to moisten the base prior to concrete placement to prevent moisture loss and resulting
initial tensile stresses.
In addition to assessing performance at early-age, analysis of the different mitigating
strategies was extended to concrete performance at longer ages. Based on the temperature and
stress evolution within the slabs at 50 days, some of the mitigating measures indicated behavior
similar to that at early-age. The paste-reduced mixtures showed enhanced tensile strength and
lower induced tensile stresses proving their effectiveness at early and extended ages. In regards to
base friction reducing mediums, the geotextile medium demonstrated promising results at the
hardened stage more than during early age. If the geotextile is adequately moistened prior to slab
placement, to avoid moisture absorption from concrete at early age, it can be recommended as an
effective method of minimizing cracking risks.
xi

Field testing and laboratory experiments were further supported by the finite element
analyses performed using DIANA finite element software, to identify the physical phenomena
controlling early-age cracking in JPCP repair slabs. While the analyses indicated the importance
of concrete hydration kinetics and viscoelastic behavior on the early-age stress development, FE
analysis confirmed that the moisture loss to the base is the most significant phenomenon.
Moreover, numerical modeling of concrete slabs was found to be useful in predicting the stress
development in advance of costly field trials. The modeling approach adopted in the finite element
analysis is proposed as a method which can be applied to evaluate the performance of concrete
mixtures prior to slab placement and thus improve and economize the current rigid pavement
maintenance practices followed in the pavement industry.
Apart from the aforementioned cracking mitigating strategies, incorporation of
supplementary cementitious materials (SCMs) in concrete would also contribute to enhancing
concrete durability. However, inclusion of SCMs such as MK, increase autogenous shrinkage in
concrete due to their effect on pore size refinement. Incorporation of pre-wetted LWA was found
to minimize the autogenous shrinkage and associated cracking risks in concrete. Therefore, LWA
addition, is a promising cracking mitigating measure for MK blended concrete, which are highly
susceptible to increased autogenous shrinkage due to the higher reactivity of MK. However, in
order to accurately proportion the required LWA content, chemical shrinkage coefficient of MK
has to be known. Thus, a limited study was performed to determine the shrinkage coefficient
associated with MK to mitigate autogenous shrinkage associated with MK blended concrete. Using
Thermodynamic modeling (Gibbs Energy Minimization Software (GEMS)), a shrinkage
coefficient of approximately 26 ml/100g MK was determined which can then be used in
proportioning LWA for MK blended concrete.
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Chapter 1:

Introduction

Cracking occurs in concrete due to various reasons. Early-age cracking can lead to
durability issues and reduce the service life of concrete structures such as pavements, bridges, and
dams. In general, the combined effects of thermal and moisture related volume changes, stress
relaxation and restrained stress development can be identified as the contributing factors to
concrete cracking at early-age [1]. In order to identify the causes for early-age cracking and provide
mitigating measures, understanding the early-age behavior of concrete is important.
The “early-age” is defined as the period after final set, during which concrete properties
are still developing rapidly. This period is generally approximated to be 7 days or less [2]. Since
concrete behaves as a viscoelastic material at early age, creep and stress relaxation effects are of
significance. The mechanical properties of concrete such as compressive strength, tensile strength
and elastic modulus start developing after the concrete sets. During early age, concrete temperature
increases due to the exothermic nature of the chemical reaction of cement with water. As a
consequence, concrete expands and if it is restrained, compressive stresses are developed. These
stresses continue to relax due to the creep characteristics at early age. When the hydration and the
associated heat release is slowed down, concrete reaches a maximum temperature and gradually
cools down. During this period, internal heat is transferred to the environment and the concrete
temperature approaches that of the ambient temperature. This decrease in concrete temperature
causes the concrete to contract, which would lower the compressive stresses and ultimately induce
tensile stresses. Due to the continued relaxation of stresses, concrete develops tensile stresses even
before it reaches the set temperature at which the initial compressive stresses started [1].
1

In addition to thermal contraction, shrinkage due to moisture loss also contributes to tensile
stress development. Autogenous shrinkage is the macroscopic volume reduction occurring with no
moisture transfer to the exterior environment. The driving force behind autogenous shrinkage is
the chemical shrinkage which results due to cement hydration. Chemical shrinkage is the
phenomenon in which the absolute volume of the hydration products is less than the absolute
volume of reactants (cement and water), due to the formation of voids during hydration [3]. Thus,
chemical shrinkage is an internal volume reduction while autogenous shrinkage is an external
volume reduction [4]. Therefore, the macroscopic volume reduction due to autogenous shrinkage
is much less than the absolute volume reduction from chemical shrinkage. As water is consumed
when hydration progresses, there is a reduction in internal humidity which can cause stresses on
the pore walls, causing bulk shrinkage. Drying shrinkage of concrete is caused by evaporation of
internal water of hardened concrete to the environment. Although the mechanism is similar to that
of autogenous shrinkage, humidity in pores is lowered due to the humidity differentials between
the concrete and the environment. This results in a non-uniform moisture distribution in the
concrete cross section, which could lead to differential drying shrinkage [5]. As a consequence,
tensile stresses are induced in concrete.
This research focuses on evaluating different cracking mitigating strategies to extend the
service life and durability of concrete structures. A major part of the dissertation is focused on
repair slab failure of jointed plain concrete pavements (JPCPs) at early-age. The JPCPs are
unreinforced, cast in place concrete, with dowelled transverse joints as well as tied longitudinal
joints to control cracking. These dowel and tie bars also facilitate controlling vertical and
horizontal movement at joints. In spite of that, distress can develop in JPCP slab sections and
consequently result in pavement failure. Therefore, full-depth repair techniques are often used to
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replace deteriorated JPCP slab sections. Rapid repair materials such as high-early-strength (HES)
concrete are generally used in these slabs to reduce construction delays to the public. However,
high incidences of early-age cracking have been reported in some replacement slab projects in the
state of Florida. The cracking incidents in these recent slab replacement projects have increased to
an unacceptable rate (> 40%) [2]. Therefore, multiple cracking mitigating strategies were assessed
through conducting field and laboratory experiments. Temperature evolution and stress
development were monitored. Chapter 2 details the effects of paste content reduction, by
optimizing aggregate gradation, and the use of slab-base interface friction reducing mediums
(polyethylene sheets and geotextile fabric) on minimizing cracking risks in HES repair slabs.
Chapter 3 includes a systematic assessment of the different mitigating strategies; namely, paste
content reduction, inclusion of lightweight aggregate (LWA), addition of shrinkage reducing
admixture (SRA) and incorporation of fiber, on HES concrete mixture performance. Some of the
findings have been published in ACI Materials Journal [6]. To support the above findings further,
finite element analyses were performed on JPCP repair slabs as indicated in chapter 4. The
temperature and stress modeling approach used in this part of the study was proposed as a tool to
improve concrete construction methods to prevent cracking. An article has been submitted to ACI
Materials Journal for publication consideration.
The investigation was extended to the later-age behavior of the same early-age cracking
mitigating strategies in order to ensure that enhancement of performance in early-age is also
extended to later age performance as detailed in chapter 5. The temperature and stress variations
recorded in the same field slabs, at an age of 50 days were analyzed.
Use of supplementary cementitious materials (SCMs) in concrete is another way of
improving cracking resilience in concrete structures. Chapter 6 of the dissertation includes a
3

limited assessment of the use of two such SCMs, ground granulated blast furnace slag (GGBFS)
and metakaolin (MK). Typically, SCMs are incorporated in concrete to enhance performance by
improving strength and durability. In general, both MK and GGBFS are used in bridge decks, mass
concrete and pavement slabs. However, SCM blended concrete can also experience thermal and
moisture related volume changes which can cause cracking. These effects may vary based on the
chemical composition and physical characteristics of the SCMs. This chapter focuses on shrinkage
induced cracking risks associated with SCM blended concrete and includes two parts; the first part
investigates the autogenous shrinkage in slag blended concrete and the second part studies the
chemical shrinkage in MK blended concrete. Some of the findings related to the investigation on
slags have been published in Construction and Building Materials Journal [7], whereas findings
from the study on MK have been published in ACI Materials Journal [8].
This work was conducted as part of funded studies supported by the Florida Department
of Transportation under contracts numbers BDV25-977-23 and BDV25-977-28.
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Chapter 2:

Effects of Reduced Paste Content and Base Restraint on
Young Concrete Pavement1

2.1

Introduction
Full-depth repair techniques are often used to replace deteriorated jointed plain concrete

pavement (JPCP) slab sections. Rapid repair materials are generally used in these slabs, in order
to reduce construction delays to the public. High incidences of cracking have been reported in
some replacement slab projects at early ages. Early-age cracking can lead to durability issues and
a reduced pavement service life. Thermal contraction and shrinkage due to moisture loss in
concrete are major contributors to cracking in these repair slabs [2]. As contraction in the slab is
restrained by the base, tensile stresses are induced in the slab. Cracking occurs when these stresses
exceed the tensile strength of concrete. Hence, the cracking problem in JPCP repair slabs has
prompted investigations to identify potential methods to minimize such cracking tendencies.
Contributing factors to cracking include mechanical properties of high early strength concrete
(HES), HES mixture design, slab-base restraint, construction methods and curing methods. In this
study, the primary focus was on field evaluation of two of these factors: mixture design and slabbase restraints.
The following construction requirements are set by the Florida Department of
Transportation (FDOT) for rapid concrete repair mix designs: minimum target compressive
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strength of 15.7 MPa (2200 psi) at 6 hours and 20.7 MPa (3000 psi) at 24 hours, slump of 40-100
mm (1.5-4 in.), entrained air of 1-6%, and a maximum concrete temperature of 38oC (100.4oF)
prior to the addition of accelerator [9]. While the exact values for the fresh and hardened properties
of HES concrete used in this study were specific to the FDOT requirements, they are similar to
those used by many other transportation agencies [10]. The mixture design and slab-base restraint
modification concepts explored in this work can be generalized and should be of value to any HES
project.
HES concrete mixtures typically have high cement contents and low water-to-cement ratios
(w/c) in order to meet early-age strength requirements [10]–[13], which can lead to increased
temperature rise and autogenous shrinkage. Since both of these phenomena are associated with
the paste fraction of the concrete, minimizing the paste content should reduce both temperatureand moisture-related concrete volume changes, thus minimizing cracking risk. It has been shown
that paste-to-void volume ratio can be used to minimize cement content of concrete mixtures [14]–
[17]. This ratio provides information regarding the paste content required to coat the aggregates,
fill the voids and maintain workability. Reduction of cement content requires modification of
aggregate gradation to increase aggregate packing density thus reducing the volume of voids [18],
[19]. This can be accomplished with the use of the Fuller curve [20], Shilstone workability chart
[21], or a theoretical packing model such as the Toufar model [14], [22], [23]. The minimum
paste-to-void ratio of 1.5 has been recommended by Yurdakul et al. [24] in order to maintain
workability. High-range water reducers (HRWR) are commonly used in HES concrete to maintain
workability due to low w/c ratios [14], [24]. While the concept of paste-to-void volume ratio has
been applied to concrete pavements [14] and self-consolidating concrete [15], there appears to be
no studies in the current literature on the use of paste-to-void volume ratio for paste content
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reduction of HES concrete. Therefore, this investigation focused on reducing paste contents for
HES concrete pavement.
While minimizing cement content of the concrete mixtures can reduce temperature- and
moisture-related volume changes, it cannot completely eliminate them.

As the early-age

temperature and moisture related volume changes of concrete are externally restrained by the base,
thermal and shrinkage stresses result from a coupled action of self-induced and restrained stresses
[25]. If restraint at the interface between the slab and base can be eliminated, the slab would be
free to deform to satisfy contraction or expansion induced in concrete [26].
Base friction does not follow the classical Coulomb friction theory as the interaction
between the slab and base consists of adhesion, bearing, and shearing components [26], [27], [28].
Adhesion is a function of the gluing action between subbase and slab and is a function of the
moisture condition. Bearing is a function of the subbase reaction to the force induced by the slab.
This is influenced by the moisture and temperature conditions of the base. Shearing is influenced
by the rubbing and texture characteristics of the interface [26], [27], [28]. Frictional forces develop
when a concrete slab contracts due to a drop in temperature and moisture loss [28], [29]. When
the slab contracts, friction forces are developed restricting the movement and this resistance
produces tensile stresses in the concrete. These tensile stresses accumulate from the edges of the
slab and maximize at the center of the slab.
The friction in the slab-base interface can be reduced by using an intermediate layer
between the slab and the base as a bond-breaker [30]. Materials such as bitumen, sand, oil, single
or double layers of polyethylene sheeting and geotextiles have been used as bond-breakers and
were reported to reduce tensile stresses developed in slabs by reducing the slab-base interface
restraint [26], [28]. However, a greatly reduced frictional restraint could result in cracking and
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excessive joint widths, which could increase the potential for deterioration of the slab joints [26],
[31]. Additionally, load-induced stresses are reduced when the slab and base have a “rough
interface” [32]. Hence, a compromise is needed between these factors when selecting materials to
reduce friction in the slab-base interface [28]. Several studies have been performed based on
empirical and theoretical methods to understand the slab-base interface interaction and selection
of materials [28], [33], [34].
Zhang and Li [33] developed an analytical model to predict the shrinkage-induced stresses
and displacement in concrete pavements caused by base restraint and found that the type of
supporting base significantly influenced the magnitude of the shrinkage-induced tensile stresses.
For the same shrinkage strain value, the shrinkage stresses of concrete pavement slab with cementtreated base was about five times more than the pavement slab with natural clay base. Therefore,
shrinkage stress is also a function of slab-base interfacial friction stress. Zhang and Li [33] also
examined

the effect of bond-breakers on shrinkage-induced stresses. They found that the

application of 2 mm sand layer or polyethylene sheeting between a hot mix asphalt concrete base
and slab could greatly reduce the shrinkage-induced stresses. Although this model was developed
to predict the shrinkage-induced stresses and displacements in concrete pavements, it was
mentioned that a similar model can be applied to predict temperature-induced stresses and
displacements as well. However, the application of this model was not explained in that study and
therefore the effect of base restraint on temperature-induced stresses was not discussed.
The typical method of measuring slab-base interface conditions is a push-off test where a
load is applied to the side of a slab until movement of at least 6 mm (0.25 in) is recorded [26].
Rasmussen and Rozycki [26] investigated the effect of several bond breaking mediums using the
push-off test: sand, slurry seal, single polyethylene sheet and Petromat sheeting. Unfortunately,
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the age of concrete at the time of testing was not reported in this study. The authors concluded
that the polyethylene sheet had the lowest maximum load at sliding while the slab without any
bond breaker showed the highest value.
Maitra et al. [32] studied the performance of polyethylene sheeting with different types of
bases.

Again, the age of concrete was not specified.

In all cases, polyethylene sheeting

significantly reduced the friction at the slab-base interface.
Chia et al [31] examined the effectiveness of single-layer and double-layer polyethylene
sheeting in reducing the friction at the interface. Push-off tests were performed at the age of 15
days, and 3 and 11 months after concrete placement. Although the double-layer polyethylene
showed the lowest friction characteristics, the use of single-layer polyethylene was recommended,
as it is economical and its friction characteristics were sufficient enough to minimize the tensile
stress development in the slab.
Suh et al. [35] compared the performance of polyethylene and asphalt bond-breaker. The
results of the push-off tests performed at an age of 14 days showed that polyethylene was more
effective in reducing friction than asphalt. However, a potential advantage of asphalt, which may
not be reflected in the push-off test, is its high creep that would result in stress reduction over time
[26].
Li et al. [28] also performed push-off tests to evaluate the effectiveness of polyethylene
sheeting, geotextile, and emulsified asphalt in reducing the frictional restraint of the interface
between the slab and semi-rigid bases. The age of concrete at the time of testing was not reported
in this study. The researchers indicated that the use of polyethylene sheeting was most effective,
but asphalt and geotextile acted as a bond-breaker as well. This is consistent with the findings of
[34], [36], where geotextile was reported to significantly reduce restraint stresses. Additionally,
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geotextile was reported to facilitate drainage of water at the slab-base interface [34], [36]. While
this was regarded in [34], [36] as a beneficial characteristic of this material, removal of water from
fresh concrete may result in increased shrinkage stresses at early ages due to the loss of water that
would otherwise be used for cement hydration.
Studies published in the literature were conducted at later ages, and, to the knowledge of
the authors, there are currently no studies on the effect of bond-breaking materials on the initial
stress development in concrete pavements. Therefore, the current study was initiated with focus
on the early-age behavior of concrete pavement using friction reducing materials. The overall
objective of this study was to examine the effect of paste content reduction on early-age
temperature and stress development in HES concrete pavement and to determine the effect of the
slab-base interface condition on early-age stress development.
2.2

Experimental Procedure

2.2.1 Materials
A Type I/II cement typically used for Florida JPCP repair slabs was selected for this study.
Table 2-1 shows its mineralogical composition, determined by x-ray diffraction (XRD), and its
Blaine fineness. Typical local coarse and fine Florida aggregates were selected: #57 limestone
and natural silica sand. A #89 limestone was also used as the intermediate aggregate for paste
content reduction. Aggregate gradation was determined following ASTM C33 [37]. Packing
densities of #57 and #89 limestone and sand were determined using the dry rodded unit weight
(DRUW) according to ASTM C29 [38]. The oven-dried specific gravity and absorption capacity
for the coarse and fine aggregates were measured following ASTM C127 [39] and ASTM C128
[40], respectively.
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The chemical admixtures for this study were selected to match those typically used in the
field and were as follows: chloride-based accelerator (Type E per ASTM C494 [41]), Type D
water-reducing and retarding admixture (WRA), Type F high-range water-reducing admixture
(HRWR) and air-entrainer (ASTM C260 [42]).
Table 2-1: Cement composition and physical properties
Cement Phase

Type I/II

C3 S

48.1

C2 S

23.1

C3 A

5.5

Ferrite

9.9

Gypsum

2.6

Hemihydrate

1.5

Calcite

1.2

Syngenite

0.7

Quartz

0.1

Amorphous/unidentified

7.2

ASTM C204 Blaine Fineness - m2/kg (ft2/lb)

485 (2,368)

2.2.2 Concrete Mix Design
A typical HES concrete mixture design used for concrete pavement construction was used
as the control mix (Mix #1 in Table 2-2). Additionally, two mixes with reduced paste content were
prepared: Mix #2 and Mix #3. For Mix #2, the same w/c ratio was adopted as in Mix#1. Since
lower cement content at the same w/c ratio can lead to a decrease in early-age mechanical
properties [43], a lower w/c ratio was adopted for Mix #3 in order to offset this effect. On the
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other hand, a decrease in the w/c ratio is expected to increase autogenous shrinkage; therefore,
Mix #3 was also designed to observe the effect of increased autogenous shrinkage on cracking
potential.
Table 2-2: Concrete mixture proportions – per 1 m3 (l yd3)
Material

Mix ID
Mix#1

Mix#2

Mix#3

Cement (Type I/II) – kg (lb)

534 (900)

415 (700)

415 (700)

Coarse Aggregate #57 limestone
(SSD) – kg (lb)

997 (1680)

682 (1150)

700 (1180)

0 (0)

409 (690)

421 (710)

Fine Aggregate (SSD) – kg (lb)

492 (829)

610 (1028)

625 (1054)

Water – kg (lb)

193 (325)

150 (252)

131 (221)

0 (0.00)

948 (24.50)

1,354 (35.00)

14,853 (384.0)

11,554 (298.7)

11,554 (298.7)

37 (1.0)

37 (1.0)

37 (1.0)

874 (22.6)

696 (18.0)

696 (18.0)

0.384

0.384

0.34

Intermediate Aggregate #89
limestone (SSD) – kg (lb)

Type F Superplasticizer – ml
(fl.oz)
Type E Accelerator – ml (fl.oz)
Air Entrainer – ml (fl.oz)
Type D Water Reducer - ml (fl.oz)
w/c

In order to obtain mixture proportions for the mixes with reduced paste content, a procedure
described by Yurdakul [14] was extended to HES concrete as follows:
1. Modification of the aggregate matrix
In order to identify the mass blending ratios for coarse, intermediate and fine aggregates,
aggregate properties for the three systems were entered in the aggregate gradation module of the
COMPASS (Concrete Mixture Performance Analysis System) software [44], which is a mix
design suite used to estimate packing density using the Toufar model. Blending ratios for the
combined aggregate system were chosen based on a point on the ternary chart corresponding to a
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high packing density (Figure 2-1). The obtained ratios were then compared to the deviation from
the maximum density line relative to the original granular system [45]. Once the gradation was
found to be adequate (Figure 2-2), the packing density of this combined aggregate system was
estimated from the DRUW using ASTM C29 [38]. The oven-dried specific gravity for this system
was determined according to ASTM C127 [39].

Figure 2-1: Ternary chart corresponding to packing densities obtained from COMPASS for the
modified system (Courtesy: Transtec Group)
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Figure 2-2: Power 45 chart comparison for original and modified gradation (using spreadsheet
from [9]) (1 mm = 0.0394 in.)
2. Selection of concrete mixture proportions
Considering the void content of the modified aggregate system, the paste content was
determined by choosing an appropriate paste-to-void volume ratio, which was high enough to give
a slump of 50.8 mm (2 in.) per FDOT specifications. Mix#1, which corresponded to a typical HES
mix design adopted in Florida had a paste-to-void volume ratio of 2.15. For the modified system,
the increase in packing density was estimated to be 2.5%. For conventional pavement, paste-tovoid volume ratios between 1.4-1.8 are considered adequate when using HRWR [14], [24], [46].
For mixture designs with reduced paste content, the paste-to-void volume ratio was 1.74. The loss
in workability due to the lowering of excess paste was overcome through the use of HRWR. Mix#3
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used the same aggregate blend ratio as Mix#2 but was adjusted in the total volume of aggregates
to accommodate the lower paste volume due to a reduced water content.
2.2.3 Field Instrumentation
Five concrete slabs with dimensions of 3.7 m x 4.6 m x 0.3 m (12 ft x 15 ft x 1 ft) were
constructed with wooden formwork on a 3.7 m (12 in) lime-treated base. A releasing agent was
applied to the face of the formwork which would be in contact with the concrete slab to create a
barrier to prevent absorption of water from concrete by the formwork and reduce restraint provided
by the formwork. In order to capture the temperature variation within the slab, Type T
thermocouples were placed at the center of the slabs at heights of 25.4 mm (1 in.), 152.4 mm (6
in.) and 279.4 mm (11 in.) from the ground. The thermocouples were attached to insulated pieces
of reinforcing steel in the subbase. Geokon Model 4370 concrete stressmeters, based on vibratingwire gauge technology, were used to record the stress development in the slabs. The load cell of
this stressmeter is incased in a tube to make sure that it measures uniaxial stress. The stressmeters
were placed horizontally in the center of the slab in plan view with the center of the stressmeter
positioned at 203.2 mm (8 in.) from the bottom of the slab. When placing the slabs, the tube was
uncapped and filled with consolidated concrete. Once full, the stressmeter cap was placed back on
the tube and the stressmeter was tied onto the rebar frame, centered and leveled. After the concrete
was finished, two coats of curing compound were applied to the surface of the concrete to prevent
moisture evaporation which leads to drying shrinkage. The placement time for each slab was
considered as the time when the accelerator was added to the concrete truck on site. Mix#1, Mix#2
and Mix#3 were used to place slabs A, B and C, respectively. Mix#3 was also used in slabs D and
E to investigate the effect of double layer polyethylene and non-woven geotextile as bond-breakers
at the slab-base interface.
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While the concrete was being placed, 100 mm x 200 mm (4 in x 8 in) concrete cylinders
were made for mechanical properties testing. For the first 48 hours, the cylinders were placed on
top of their respective slabs. A thermocouple was placed into one cylinder for each slab to monitor
temperature development of the cylinders, which was later used for maturity calculations. During
the first 24 hours the cylinders were covered by two layers of curing blankets, after which time the
blankets were removed and the cylinders were exposed to ambient field conditions. At 48 hours,
the cylinders were transferred from the site to the laboratory and immersed in saturated lime water
solution at ambient temperature of 23±1 ºC (73.4±2 ºF) until the time of testing. Compressive
strength, splitting tensile strength and elastic modulus testing were performed in accordance to
ASTM C39 [47], ASTM C496 [48] and ASTM C469 [49] respectively. Cylinders were tested at
the ages of 6 hours, 1, 3, 7 and 28 days.
2.2.4 Laboratory Testing
TAMAIR isothermal calorimeter produced by TA Instruments was used to measure the
heat of hydration of paste samples at 23, 30 and 40 °C (73.4, 86 and 104 °F) in accordance with
ASTM 1702, Method A [50]. The heat of hydration based-apparent activation energy was
calculated using the method outlined by Poole et al. [51].
Semi-adiabatic calorimetry was performed according to the guidelines of RILEM
Technical Committee 119 [52]. Two semi-adiabatic calorimeters were used in this study. The
calorimeters were calibrated to determine their heat loss prior to measurements. Concrete for semiadiabatic calorimetry was prepared following ASTM C192 [53]. 150 mm x 300 mm (6 in. x 12
in.) concrete cylinders were placed inside the calorimeters, and their temperature was recorded
every 5 minutes for 120 hrs.
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2.2.5 Numerical Modeling
HIPERPAV III software [54] was used to model the stress development based on
mechanical properties development as well as temperature and moisture gradients and to assess
the cracking potential for each slab. HIPERPAV III uses a two dimensional finite element based
approach to model the temperature of concrete pavement [55], [56]. The moisture is modeled with
a one dimensional Crank-Nicholson finite difference method [57].

Mechanical properties

development are modeled using the degree of hydration and maturity concepts. A finite-difference
model is used to calculate restraint [56], [58]. Detailed information on all the models used in
HIPERPAV are provided in [55]–[59]. Explanations of HIPERPAV model sensitivity and
behavior analysis can be found in [57], [60]–[62].
The tensile strength and elastic modulus of each mixture were used from the cylinder
testing results. Maturity data inputs were obtained in accordance with ASTM C1074 [63]. The
activation energy values from isothermal calorimetry and hydration parameters from semiadiabatic calorimetry determined for each mixture were used in the analysis. Weather data
collected from the field slabs for a period of 7 days were entered as environmental inputs.
Since HIPERPAV does not display predicted concrete temperature as an output,
temperature profiles at the middle of each slab were generated using ConcreteWorks software [64]
and compared to the field temperature profiles. ConcreteWorks uses essentially the same inputs as
HIPERPAV, except it requires only daily minimum and maximum values for environmental inputs
rather than the hourly weather data required by HIPERPAV. ConcreteWorks considers onedimensional fully explicit finite difference based heat transfer analysis to predict concrete
temperature [65]. The general inputs used in ConcreteWorks are shown in Table 2-3.
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Table 2-3: ConcreteWorks general inputs
Slab A Mix#1

Slab B Mix#2

Slab C Mix#3

Slab D Mix#3

Slab E Mix#3

12:00 PM

11:00 AM

1:00 PM

2:00 PM

12:00 PM

12

12

12

12

12

6

6

6

6

6

Subbase type

Granular

Granular

Granular

Granular

Granular

Subgrade type

Clay

Clay

Clay

Clay

Clay

534 (900)
205
(345.6)
997
(1680)

415 (700)
159
(268.8)
1092
(1840)
610
(1028)

415 (700)

415 (700)

415 (700)

141 (238)

141 (238)

141 (238)

1121
(1890)
625
(1054)

1121
(1890)
625
(1054)

1121
(1890)
625
(1054)

I/II
Limestone
Siliceous
river sand

I/II
Limestone
Siliceous
river sand

I/II
Limestone
Siliceous
river sand

I/II
Limestone
Siliceous
river sand

I/II
Limestone
Siliceous
river sand

34.6
(94.2)
Double
coat
compound
White
2

29.5
(85.1)
Double
coat
compound
White
2

31.5
(88.7)
Double
coat
compound
White
2

32.3
(90.2)
Double
coat
compound
White
2

Parameter
Placement time
Pavement thickness –
mm (in)
Subbase thickness – mm
(in)

Batch proportions
Cement – kg/m3 (lb/yd3)
Water – kg/m3 (lb/yd3)
Coarse aggregate –
kg/m3 (lb/yd3)
Fine aggregate – kg/m3
(lb/yd3)
Material properties
Cement type
Coarse aggregate type
Fine aggregate type
Construction inputs
Estimated placement
temperature - oC (oF)
Pavement curing
Cure method color
Curing application (h)

2.3

492 (829)

31 (87.8)
Double
coat
compound
White
2

Experimental Results and Discussion

2.3.1 Heat of Hydration Results
All three mixtures showed an increase in the intensity of the main hydration peak when the
temperature was increased from 23°C (73.4oF) to 30°C (86oF) due to the higher rate of reaction
(Figure 2-3). Since isothermal calorimetry does not take into account the effect of aggregates, the
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only difference between Mix#1 and #2 was the presence of HRWR. The decrease in the main
hydration peak appears to be due to the addition of HRWR, which is not surprising as
polycarboxylate-based HRWR have been reported to have a retarding effect on cement hydration
[66]–[68]. Mix#3 had an even higher dosage of HRWR and a lower w/c ratio, which can explain
a further decrease in the main hydration peak of Mix#3. The heat of hydration activation energies
(Ea) calculated for each mix based on isothermal calorimetry results were 32.2, 25.9 and 18.6
kJ/mol for Mixes#1-3, respectively.

Heat Flow (mW/g)
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Figure 2-3: Isothermal calorimetry at a) 23ºC (73.4ºF) and b) 30ºC (86ºF)
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In terms of adiabatic temperature rise calculated from semi-adiabatic calorimetry, Mix#1
showed the highest temperature rise as expected due to its higher cement content (Figure 2-4). For
Mix#2 and Mix#3, the maximum concrete temperature rise was approximately 10 °C (18 oF) lower
compared to Mix#1. This can be directly related to the decrease in cement content of 119 kg/m 3
(200 lb/yd3). The decrease in w/c ratio from 0.384 in Mix#2 to 0.34 in Mix#3 did not have a
significant effect on the adiabatic temperature rise. Moreover, β increased with a decrease in
cement content, while τ decreased indicating a faster rate of hydration at early ages. Xu et al. [69]
observed the same trend in variation of τ and Ea values, which is consistent with the results of this
study. As Ea decreased, so did the value of τ (Table 2-4). As expected, the reduction in cement
content without a change in w/c ratio did not have a significant effect on the ultimate degree of
hydration αu [43]. However, reduction in the w/c ratio (Mix#3) resulted in a slight reduction of
αu.
70
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Figure 2-4: Adiabatic temperature rise from semi-adiabatic calorimetry (1ºC = 33.8ºF)
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Table 2-4: Hydration parameters and adiabatic temperature rise
Average semi-adiabatic
parameters

Mixtures
Mix#1

Mix#2

Mix#3

β

0.93

1.164

1.248

τ

8.28

7.295

6.400

αu

0.725

0.731

0.679

Adiabatic temperature rise - oC (oF)

62.8 (145.0)

52.4 (126.3)

52.0 (125.6)

2.3.2 Mechanical Properties
Mechanical properties testing showed that it is possible to obtain high strengths even with
low-paste mixtures. Compressive strength of all the mixes (Figure 2-5) exceeded 20 MPa (2900
psi) at 6 hours and 40 MPa (5800 psi) at 1 day, indicating conformance to the Florida DOT
guidelines [9] and many other HES concrete specifications. Mix#1 and Mix#2 showed very similar
strengths, illustrating that HRWR addition and lower cement content of Mix#2 did not adversely
affect strength. As expected, Mix#3 had the highest strength since it had the lowest w/c. Tensile
strength and elastic modulus measurements showed similar trends.
2.3.3 Analysis of Temperature and Stress Development in the Field Slabs
In order to evaluate the effect of paste content reduction on stress development, the data
collected for Slabs B and C were compared to Slab A. Concrete stresses can be generally related
to temperature- and moisture-related volume changes [70]. While concrete temperature, during
the first day, is predominantly controlled by the heat of hydration, at later ages it is mostly
determined by the daily ambient temperature variation. During the first 10 hours after placement,
all slabs showed an increase in temperature throughout the slab depth due to the heat of hydration
of cement.
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Figure 2-5: Mechanical property development of each mixture with age: (a) compressive
strength, (b) splitting tensile strength and (c) elastic modulus (1 GPa = 145,000 psi)
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Figure 2-6 shows a typical temperature profile for Slab B. The highest temperature during
this period was observed in the middle of the slab. In general, high ambient temperatures along
with the effect of solar radiation, resulted in increased temperature at the slab top surface compared
to the bottom, which were in contact with the cooler subbase. Later on, the temperature of the slab
top cooled with the change in ambient temperature and cement reaction deceleration.
Slab B - Mix#2 - Paste reduced, w/c=0.384 - Thermocouple 25.4 mm (1 in.)
Slab B - Mix#2 - Paste reduced, w/c=0.384 - Thermocouple 152.4 mm (6 in.)
Slab B - Mix#2 - Paste reduced, w/c=0.384 - Thermocouple 279.4 mm (11 in.)
Slab B - Ambient Temperature
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Figure 2-6: Thermocouple readings for Slab B – Mix#2 – paste reduced at w/c=0.384 (1ºC =
33.8 ºF)
The effect of paste reduction on temperature development can be seen in Figure 2-7(a).
The temperature of Slabs B and C was lower than that of Slab A during the first 24 hours, which
is consistent with the calorimetry results. Stress development is shown in Figure 2-7(b). It is clear
that decreasing cement content, while maintaining the same w/c ratio (Slab B), successfully
reduced the tensile stresses during the first 24 hours as well as for the rest of the 7-day period.
This stress reduction is likely due to the decrease in initial concrete temperature rise and a decrease
in autogenous shrinkage due to a lower volume of paste. It is also hypothesized that paste content
reduction made the concrete more stable and less prone to lose water to the subbase during the first
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several hours after placement. However, tensile stress development captured in Slab C was higher
than in Slab B, possibly due to an increase in autogenous shrinkage with a decrease in w/c ratio.
Mix#3 also had higher elastic modulus, leading to higher stresses for the same thermal movement.
It is likely that this mixture had lower stress relaxation because of the lower w/c.
The effect of base condition was evaluated by comparing the performance of Mix#3, placed
directly on the unwetted lime-treated base, Slab C, to its performance when double layers of
polyethylene sheeting, Slab D, or geotextile, Slab E were used as a bond breaker (Figure 2-8).
Concrete temperatures were very similar for all the slabs, except Slab E which had a slightly higher
initial temperature rise (Figure 2-8(a)).
The polyethylene sheeting was found to greatly reduce tensile stresses during the first 12
hours (Figure 2-8(b)). After this period, the stress behavior was very similar to that of Slab C,
which did not have a bond-breaker. According to previous studies [26], [31], [32], [35], double
layers of polyethylene reduced the friction at the slab-base interface, minimizing the restraint
acting on slab movement. However, this was not observed in this study. The initial reduction in
tensile stresses with the use of polyethylene was likely due to the reduced moisture absorption by
the base, which prevented some of the concrete shrinkage. Its behavior at later ages is very similar
to Slab C. This implies that either the bond breaking ability of polyethylene was low or that most
of the stresses came from curling and gravity effects.
It does not appear that the geotextile initially acted as a bond breaker as very high tensile
stresses were observed in the first 12 hours (Figure 2-8(b)), contradictory to the findings of [34].
This was likely a result of shrinkage due to the loss of moisture from concrete to the geotextile as
it was not pre-wetted prior to concrete placement. After 12 hours geotextile had a small effect on
reducing tensile stresses.
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Figure 2-7: (a) Temperature and (b) stress development for Slab A - Mix#1, Slab B – Mix#2 and
Slab C – Mix#3 (1 MPa = 145 psi;1ºC = 33.8 ºF)
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Figure 2-8: Temperature and (b) stress development for Slab C - Mix#3, Slab D – Mix#3 and
Slab E – Mix#3 (1 MPa = 145 psi;1ºC = 33.8 ºF)
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2.3.4 Modeling of Temperature and Stress Development
The temperature profiles of the field slabs were predicted by ConcreteWorks software and
compared to the field results. It was observed that in all the slabs, the predicted temperature profiles
underestimated the actual temperature development recorded in the field slabs (Figure 2-9). This
could be due to a difference in the base temperature since it cannot be entered as an input in the
software. If the actual base temperature was high in the field, the recorded temperature in concrete
could also be higher as the heat dissipation was less. The difference between the predicted and
measured temperatures was quite significant at early ages. The highest temperature difference
between the predicted and field temperatures was observed at 279.4 mm (11 in.). This is likely due
to the differences between surface emissivity and solar absorption coefficients assumed in
ConcreteWorks and the actual conditions. However, the predicted temperature profiles followed
similar trends to the field. However, the difference between the predicted and field temperature
gradients was less significant (Figure 2-10). The maximum deviation from the field gradient was
observed during the first 12 hours, at high ambient temperatures, which is typical for all the slabs.
This difference gradually diminished after approximately 4 days. The use of bond breakers in Slabs
D and E were not adopted in temperature modeling as it cannot be entered as an input in
ConcreteWorks and is expected to have minimal effect on the temperature simulation. Therefore,
the only differences in temperature modeling for Slabs C, D and E were placement time and
environmental conditions.
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Figure 2-9: Comparison between the predicted and field temperature profiles for Slab B (1ºC =
33.8 ºF)
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Figure 2-10: Comparison of field temperature gradient and ConcreteWorks predicted
temperature gradient for Slab A (1ºC = 33.8 ºF)
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HIPERPAV analysis of the tensile strength and stresses development for all slabs is
presented in Figure 2-11. Slabs C and D (Mix#3) showed the highest tensile strength development,
while the stress development was highest for Slab A (Mix#1). This could be due to the higher
temperature rise as a result of the higher cement content of this mix. The highest initial stresses in
relation to tensile strengths for all slabs were developed during the first 2-7 hours in the bottom of
the slab (Figure 2-12). After 5 hours, stresses were predicted in top of the slab. This kind of stress
distribution is generally expected for a morning placement [13]. According to isothermal
calorimetry measurements (Figure 2-3), the peak in heat evolution of these mixtures occurred
approximately 3-7 hours after mixing. This coincided with the peak daily temperatures and
therefore temperature was highest in the top surface and lowest in the bottom. This would result
in expansion of slab top and therefore downward curling of the slab. Consequently, tensile stresses
would be generated in the bottom of the slab as the weight and the restraint of the slab prevent the
middle from lifting up [71]. When the temperature in the bottom of the slab increases more than
the top, the slab contracts and produce upward curling resulting in tensile stresses in the top of the
slab as shown in Figure 2-12.
Based on the HIPERPAV analysis, none of the slabs exceeded their tensile strengths during
the first 72 hour period. However, night placements would be more advantageous as they allow
heat of hydration and heat from environmental conditions to occur at separate times, reducing the
peak concrete temperature rise and concrete tensile stresses [12], [13]. Therefore, the tensile stress
development can be further reduced by considering night-time placements of slabs. The use of
bond breakers in Slabs D and E were not adopted in HIPERPAV modeling as the frictional
characteristics in the slab-base interface were not determined experimentally. Moreover,
HIPERPAV does not consider the potential suction of water from concrete by geotextile in the
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analysis. If this can be further improved in HIPERPAV, it is possible that the effects due to
increased autogenous shrinkage could be reflected in the predicted results.
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Figure 2-11: HIPERPAV predicted tensile stress and strength development of slabs (1 MPa =
145 psi)
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2.4

Conclusions
Based on the experimental and numerical investigation conducted, the following

conclusions can be made on paste content reduction and base restraint minimization:
1. Semi-adiabatic calorimetry indicated that a decrease in the cement content decreased
temperature rise. The adiabatic temperature rise in concrete was reduced by approximately 10
o

C (18 oF) when the cement content was lowered from 534 to 415 kg/m3 (900 to 700 lb/yd3).

This reduction in temperature could be effective in reducing the early-age thermal stresses.
2. It was evident from mechanical properties testing that it is possible to achieve high strengths
using low paste mixtures as the differences in strength values obtained for Mixes #1 through
Mix #3 were not statistically significant.
3. In terms of field stress development, Slab B (Mix#2 paste reduced at w/c =0.384) performed
better than Slab C (Mix#3 paste reduced at w/c=0.34) as the latter recorded higher tensile
stresses, reflecting an increase in autogenous shrinkage at lower w/c.
4. Double layer polyethylene sheeting had greatly minimized the moisture loss to the base at early
ages, resulting in a reduction in the initial tensile stresses. However, it did not have a significant
effect on stress development at later ages. This could be either because polyethylene did not
reduce the friction in the slab-base interface or due to curling effects.
5. The absorption of moisture by geotextile can result in concrete moisture loss. Pre-wetting the
geotextile prior to concrete placement could potentially overcome this problem. However, at
later ages geotextile showed some reduction in tensile stresses from a decreased bond between
slab and subbase. Overall, the effect of the base friction modification methods was more
pronounced in changing early-age stress development through base moisture absorption than
by reducing friction.
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6. Temperature profiles predicted by ConcreteWorks underestimated the actual temperature
development in the field slabs possibly due to the differences in actual base temperature,
surface emissivity and solar absorption coefficients assumed in the software model.
ConcreteWorks can be further improved to input these values rather than using assumed values
in the software
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Chapter 3:

Effect of Multiple Early-Age Cracking Mitigation Measures on
High Early Strength Concrete Mixture Performance

3.1

Introduction
Jointed Plain Concrete Pavements (JPCPs) are widely used in many parts of the United

States. JPCPs do not include reinforcement and instead, dowelled joints are used to control
cracking. Full depth repairs are performed in JPCPs when pavement sections fail due to various
distresses. Typically, rapid repair materials such as high early-strength (HES) concrete mixtures
are used in full depth slab replacement projects to cause minimum interruption the traffic. For
example, the minimum target compressive strengths set by the Florida Department of
Transportation (FDOT) for rapid repair concrete mixtures at 6 hours and 24 hours are 15.7 MPa
(2,200 psi) and 20.7 MPa (3,000 psi) respectively. Additionally, a slump of (40-100 mm) 1.5-4 in.,
entrained air content of 1-6%, and a maximum concrete temperature of 38° C prior to the addition
of an accelerator are also required [9]. Although the construction requirements adhered to in this
study are specific to FDOT, similar values are set by many other transportation agencies for HES
concrete [10].
A significant number of cracking incidents which can cause adverse effects on pavement
life and durability were reported in slab replacement projects in Florida [2]. Increase in both
temperature rise and autogenous shrinkage were identified as the possible causes for cracking in
these slabs [2], which can be attributed to the high cement content and low water-cement ratios
(w/c ratio) typically utilized in HES mixtures. Tensile stresses are developed when contractions in
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the slab are restrained with cracking occuring when these tensile stresses exceed the tensile
strength of concrete. Thermal and moisture related contractions in concrete result due to cement
hydration and ambient effects. During the deceleration period of cement hydration, concrete
contracts with the decrease in temperature. Additionally, autogenous and drying shrinkage occur
due to the moisture loss caused by hydration and evaporation. The factors contributing to cracking
in HES concrete can be identified as mechanical properties evolution, mixture design, slab-base
restraint, construction and curing methods. Therefore, this investigation was initiated to evaluate
and identify the potential methods to minimize cracking risks in repair slabs.
As reported in literature, modifications to mixture design such as paste content reduction,
partial replacement of cement by supplementary cementitious materials (SCMs), inclusion of prewetted lightweight aggregates (LWAs), addition of shrinkage reducing admixtures (SRAs), use of
super absorbent polymers (SAPs) and incorporation of fibers could mitigate early age cracking in
concrete by improving its properties and performance. The effect of lowered paste content by
modifying the aggregate gradation in HES concrete was discussed in [6]. The current study
performed a systematic assessment of four mix design crack mitigating strategies, namely, reduced
paste content, use of saturated LWA, addition of SRA and inclusion of fiber by conducting both
laboratory and field experiments.
The increased temperature rise and autogenous shrinkage are associated with the paste
fraction of the HES concrete. Minimizing the paste content should reduce both temperature and
moisture related concrete volume changes, and subsequently diminishing the cracking risks. The
concept of paste-to-void ratio has been used to minimize cement content in concrete mixtures [14]–
[17] as it provides information on the paste content required to coat the aggregates, fill the voids
and maintain workability. In order to reduce the cement content, aggregate gradation needs to be
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modified to increase the aggregate packing density [18], [19]. Additionally, high range water
reducers (HRWR) are required in HES concrete to maintain workability due to low w/c ratios [14],
[24]. The concept of paste-to-void ratios have been applied to concrete pavements [14] and selfconsolidating concrete [15], but not for HES concrete until recent [6].
The autogenous shrinkage associated with low w/c ratio can be minimized by means of
internal curing using pre-wetted LWAs. Low w/c ratios used in HES mixtures often do not have
enough water to fully hydrate the cement in the mixture and therefore LWA can improve hydration
by providing an internal water reservoir in concrete. Moreover, concrete with LWA has less
rigidity, which is beneficial in reducing early age cracking. Several studies determined the
effectiveness of LWA to reduce autogenous shrinkage [72]–[74]. A few studies evaluated the
structural performance of internally cured concrete pavement slabs with LWA [75], [76].
However, these studies did not specify the testing ages and therefore the LWA influence on
pavement performance at early age were not discussed.
Use of SRAs in concrete mixtures mitigate capillary stresses generated due to autogenous
or drying shrinkage. SRAs reduce the surface tension of the pore water, thus lowering capillary
stresses and reducing the concrete shrinkage. Additionally, SRAs decrease the reduction in relative
humidity inside the concrete pores [70], [77], which also reduces capillary stresses. Although the
effectiveness of SRA in reducing concrete shrinkage were discussed in several studies [78], [79],
investigations on the use of SRAs in concrete pavements are rare in literature.
In addition to controlling the volume changes which can lead to concrete cracking, cracking
potential can also be minimized by providing restraint to cracking. Fiber reinforced concrete are
used to obtain high early compressive strength, tensile strength and ensure crack control. The
increase in early strength is attributed to the confining effect of fiber [80]. The published literature
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reports the use of different types of fibers in concrete [80]–[82]. It was mentioned that steel, glass,
basalt and 1.5 in. long polypropylene fibers provided good flexural strength but showed poor
performance in restraining early age cracking. On the contrary, 0.5-1 in. short polypropylene fibers
were proven to restrain early age cracking and hence recommended for concrete pavement slab
replacement [80].
3.2

Materials and Methods

3.2.1 Materials
The cement used in this study was a Type I/II which is typically used for Florida JPCP [6].
The coarse, fine and intermediate aggregates (#57 limestone, natural silica and #89 limestone
respectively) used were typical Florida aggregates in accordance with ASTM C33 [83]. The
chemical admixtures used were a chloride-based accelerator (Type E per ASTM C494 [41]), Type
D water-reducing and retarding admixture (WRA), Type F high-range water-reducing admixture
(HRWR) and air-entraining admixture (ASTM C260 [42]) were selected to match those generally
used in the field.
The concrete mixture design used in this study is shown in Table 4-1. The control mix (Mix
1) was a typical HES concrete mixture used for concrete pavement construction with a w/c of
0.385. The cracking mitigating strategies were implemented in Mixes 2-5 to evaluate their
effectiveness in minimizing cracking potential. Mix 2 is the mix with reduced paste content. A
detailed explanation on paste content minimization adopted in this study can be found in the
previous study by the same author [6]. Use of pre-wetted LWA to reduce autogenous shrinkage
was implemented in Mix 3. LWA proportioning was based on Equation 3-1 and a chemical
shrinkage of 0.07 kg/kg (lb/lb) of cementitious material was used as suggested in ASTM
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C1761[84]. Only one half of the LWA requirement obtained from Equation 3-1 was used in the
mix in order to avoid the resultant strength loss. It was used as a partial replacement of sand.
𝑀𝐿𝑊𝐴 =

𝐶𝑓 ∙ 𝐶𝑠 ∙ 𝛼𝑚𝑎𝑥
𝑆 ∙ 𝑊𝐿𝑊𝐴

Equation 3-1

where, MLWA = mass of lightweight aggregate required in oven-dry condition (lbs/yd3), Cf = cement
factor (lbs/yd3), αmax = maximum degree of hydration attainable based on the w/b ratio used, Cs =
chemical shrinkage (lb/lb of cementitious), S = saturation level of the aggregate (between 0 and
1), WLWA = mass of water released by the LWA from SSD condition to equilibrium mass in a 94%
RH environment (lb)
A SRA was used in Mix 4, in order to mitigate capillary stresses generated due to
autogenous or drying shrinkage. The low-end of the manufacturer recommended dosage range was
selected as SRA was found to retard the early strength gain. Mix 5 utilized polypropylene fibers
to evaluate its effect on crack control.
3.2.2 Field Testing
Five concrete slabs were constructed for each mix design strategy. The dimensions of a slab
were 3.7 m x 4.6 m x 0.3 m (12 ft x 15 ft x 1 ft). The temperature variation within the slab was recorded
by placing Type T thermocouples at the center of the slab at different depths; 0.025 m (1 in.) 0.15 m

(6 in.) and 0.28 m (11 in.) from the ground. Geokon Model 4370 concrete stressmeters based on
vibrating-wire gauge technology were placed at the center of the slabs at 0.2 m (8 in.) from the
bottom to record the stress development. The temperature at the same location was recorded by a
thermistor built in the stressmeter. The thermocouples and stressmeters were attached to an
insulated rebar frame on the subbase at the center of the slab. When placing the slabs, the
stressmeter tubes were uncapped and filled with consolidated concrete. The time when the
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accelerator was added to concrete truck on site was considered as the placement time for each slab.
A detailed explanation on field instrumentation can be found in [6]. Mixtures 1-5 were used to
place slabs A-E, respectively.
Table 3-1: Concrete mixture design – per 1 m3 (per 1yd3)
Mix ID
Mix 1 Control

Mix 2 Paste
reduced

Mix 3 LWA

534 (900)

415 (700)

534 (900)

Coarse Aggregate #57
limestone (SSD) – kg (lbs)

997
(1680)

682
(1150)

997
(1680)

997
(1680)

997
(1680)

Intermediate Aggregate #89
limestone (SSD) – kg (lbs)

0

409 (690)

0

0

0

Fine Aggregate (SSD) – kg
(lbs)

492 (829)

610
(1028)

326 (549)

0

0

97 (163)

193 (325)

150 (252)

193 (325)

0

948
(24.5)

0

0

0

Type E Accelerator – ml
(fl.oz)

14,853
(384.0)

11,554
(298.7)

14,853
(384.0)

14,853
(384.0)

14,853
(384.0)

Air Entrainer – ml (fl.oz)

37 (1.0)

37 (1.0)

37 (1.0)

37 (1.0)

37 (1.0)

874
(22.6)

696
(18.0)

874
(22.6)

909
(23.5)

874
(22.6)

SRA – l (gallons)

0

0

0

2.8 (0.75)

0.0

Fiber – kg (lbs)

0

0

0

0

0.5

0.384

0.384

0.384

0.384

0.384

Materials
Cement – kg (lbs)

LWA (SSD) – kg (lbs)
Water – kg (lbs)
Type F HRWRA – ml (fl.oz)

Type D water-reducing
admixture – ml (fl.oz)

w/c

Mix 4 SRA

Mix 5 Fiber

534 (900) 534 (900)

501 (844) 491 (827)
0

0

189 (319) 193 (325)

During the slab placement, 100 mm x 200 mm (4 in x 8 in) concrete cylinders were cast
for testing of mechanical properties. These cylinders were first placed on their respective slabs for
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48 hours and then transferred to the laboratory to be immersed in saturated lime water at ambient
temperature of 23±1 ºC (73.4±2 ºF). A thermocouple was embedded in one cylinder from each
slab in order to monitor the temperature development which was later used for maturity
calculations. The mechanical properties; compressive strength, splitting tensile strength and elastic
modulus were determined at the ages of 6 hours, 1, 3, and 7 days conforming to ASTM C39[85],
ASTM C496[48] and ASTM C469[49] respectively.
3.2.3 Laboratory Testing
Strength based apparent activation energy (Ea) was determined in accordance with ASTM
C1074 [63] using mortar cubes cured at isothermal temperatures of 23, 35 and 50 °C. The strengthmaturity (based on equivalent age) relationships determined using this, were applied in software
modeling of cracking potential [6]. As the cement content, w/c ratio, chemical admixture dosages
and coarse aggregate-to-cement ratios of Mix 3 and Mix 5 are similar to those of Mix 1, their
activation energy (Ea) was also expected to be the same as Mix 1. Isothermal calorimetry
measurements were conducted at 23, 30 and 40 °C using the TAM Air isothermal calorimeter by
TA instruments according to ASTM C1702 [50] Method A – internal mixing. The heat of hydration
based Ea was calculated based on the method outlined by Poole et al. [51] and was used to
determine the equivalent age of the mixtures based on the time and concrete temperature.
Semi-adiabatic calorimetry was conducted for Mixtures 1-4, according to the guidelines
outlined by RILEM Technical Committee 119 [52]. Since Mix 5 had an identical cement content
to Mix 1 and the included fiber volume was small, it was not included in the testing matrix. 150
mm x 300 mm (6 in. x 12 in.) concrete cylinders were prepared according to ASTM C192[86] and
placed inside the calorimeters. The temperature of concrete was recorded every 5 minutes for 120
hours.
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Coefficient of thermal expansion (CTE) of the same four mixes were determined in
accordance with AASHTO T336-11[87] and Tex-428-A[88] test procedures. Concrete was mixed
according to ASTM C192 [86]. The test was conducted on 100 x 178 mm (4 x 7 in.) cylinders
made from each concrete mixture. The cylinders were subjected to one cycle of heating and cooling
during the test. The low temperature setpoint was 10 ℃ and high temperature setpoint was 50 ℃.
Prior to measuring the CTE, the specimens were conditioned for 96 hours in a water bath
programmed to simulate the temperature profile obtained from the stressmeter thermistor
embedded in each field slab.
A rigid cracking frame (RCF) was used to evaluate and compare the uniaxial stress
development of the five concrete mixtures under restraint conditions. The RCF test setup used in
this study [89], [90] was based on the original design by Springenschmid et al. [91]. The concrete
mixed according to ASTM C192 [86] was placed to a dove-tailed frame in which two invar bars
were connected to steel crossheads to provide restraint to the hardening concrete. The concrete
specimen had a cross section of 100 x 100 mm (4 x 4 in.) and a length of 1041 mm (40 in.). The
field temperature profiles obtained from the stressmeter thermistors of each slab were imposed on
the concrete during the first 96 hours after mixing, by a programmable water bath. The 96 hour
thermistor temperature profiles were followed by a decrease in the temperature at a rate of 1ºC/hour
to induce cracking. The restrained concrete specimen would undergo expansion and contraction
as a result of thermal volume change and autogenous shrinkage due to cement hydration. Two
strain gauges mounted on the invar bars, recorded the strains which were used to determine the
stress.
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3.2.4 Estimation of Cracking Potential
The stress development alone cannot be used as an indicator of cracking potential. In order
to evaluate the cracking tendency of the mixtures, stress-to-tensile strength ratios were determined
for both RCF and field slabs. Prediction of concrete tensile strength development is needed to
calculate stress-to-tensile strength ratio. Prior to predict the tensile strength, maturity of the
concrete cylinders, slabs and RCF specimens were calculated separately since they had slightly
different temperature profiles. Maturity was calculated using Nurse-Saul method (Equation 3-2)
[63].
𝑀 = ∑(𝑇 − 𝑇0 )∆𝑡

Equation 3-2

where M = Maturity (time-°C), ∆t = Time interval (time), T = Average temperature of concrete
over time interval ∆t (°C), T0 = Datum temperature (°C)
The splitting tensile strength of concrete cylinders were then plotted against their maturity,
and an exponential function (Equation 3-3) was used to obtain Su, τ and β parameters by fitting the
data to exponential function using the least square method [43], [92]–[94]. Using these parameters
and maturity, tensile strength development of the slabs and RCF specimens were determined. As
the final step, the stresses were divided by the corresponding tensile strengths to obtain the stressto-tensile strength ratio development.
𝜏 𝛽

𝑆 = 𝑆𝑢 𝑒 −(𝑡 )

Equation 3-3

where S = Average tensile strength at age t (psi), t = Test age (days), Su = Limiting strength (psi),
τ = Time constant (days) [1/k in the hyperbolic function], β = Curve shape parameter
(dimensionless)
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3.3

Results and Discussion

3.3.1 Analysis of Temperature and Stress Development in the Field Slabs
In order to evaluate the effect of paste content reduction, LWA, SRA and fiber on JPCP
repair slabs, the temperature and stress development recorded from the field slabs B-E were
compared to those of slab A, which was designated as the control. It is noteworthy that the field
recorded temperature and stress results of paste reduced mix were included in chapter 2 [6],
however, the same results are also included in this chapter for the completeness of this analysis.
Figure 3-1 illustrates the temperature variations for a period of 72 h, recorded by thermocouples
at 0.025 m (1 in.) 0.15 m (6 in.) and 0.28 m (11 in.) from the ground for all slabs. Temperature at
0.15 m (6 in.) of Slab A was not captured as the specific thermocouple had stopped functioning.
The highest temperature during the first 12 h was observed in the middle for the rest of the slabs.
The concrete temperature during the first day is predominantly governed by the heat of hydration,
at all levels, however at later ages it is determined by the diurnal and nocturnal temperature
variations. As it appears, slabs B-E showed a notable decrease in the peak temperature compared
to Slab A-control.
Moreover, it is noteworthy that the lime treated base was not wetted prior to concrete
placement and therefore it was expected to absorb some of the water from the concrete. It would
contribute to the moisture gradient between the top and the bottom of the slabs and possibly
develop tensile stresses during the initial period, as depicted in Figures 3-2 to 3-5. Additionally,
stresses after the initial period could possibly be influenced by built-in curling which is the curling
state that develops at set [1].
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Figure 3-1: Temperature variation recorded at 0.025 m (1 in.) 0.15 m (6 in.) and 0.28 m (11 in.)
from the ground for (a) Slab B [6] (b) Slab C (c) Slab D (d) Slab E
The temperature and stress recorded for slab B with paste reduced mix is shown in Figure
3-2. Slab B had considerably lower peak temperatures during the first 24 hours compared to slab
A (control) as stated in [6]. During this period, tensile stresses were also significantly decreased in
slab B. It is likely that the reducing paste content by increasing the aggregate packing made the
mix more stable and minimize the moisture migration to the base. After the first 24 hours, the
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temperatures in both slabs were very similar. However, tensile stresses in slab B were consistently
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lower compared to slab A, during the rest of the 168 hours except for the higher peak at 96 hours.
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Figure 3-2: (a) Temperature and (b) stress profiles from stressmeter for slabs B and A
The temperature and stress development in slab C with LWA and slab A (control) is shown
in Figure 3-3. During the first 6 hours, stresses in both slabs were very similar, which can be
attributed to the similar temperature profiles at the same location. Although both slabs experienced
high tensile stresses initially, after about 6 hours tensile stresses in slab C (LWA) continued to
decrease and transferred to compressive stresses, while slab A (Control) experienced tension
during the first 24 hours. It is likely that the LWA started releasing water and replaced the water
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absorbed by the base. However, the stresses in slab C were slightly higher compared to slab A,

Temperature (oC)

after the first 24 hours.
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Figure 3-3: (a) Temperature and (b) stress profiles from stressmeter for slabs C and A
Although SRAs have been reported to have a retarding effect on the cement hydration,
there was no noticeable change in the initial temperature development observed in slab D (SRA)
compared to slab A (Control), (Figure 3-4). The temperature profiles recorded for slabs D and A
were very similar. However, a substantial reduction of initial tensile stresses in concrete were
observed due to the addition of SRA. Moreover, despite the similar temperature trends for the two
slabs D and A, slab D showed consistently higher stresses after 24 hours and only tensile stresses
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were recorded after about 55 hours. It is possible that a positive thermal gradient and drying
shrinkage at set, may have caused upward curling and warping in the slab resulting in tensile
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Figure 3-4: a) Temperature and b) stress profiles from stressmeter for slabs D and A
As it appears in Figure 3-5, slab E with polypropylene fiber and slab A had similar
temperature profiles and similar stress development after 24 hours. However, a drastic decrease in
the initial tensile stresses can be seen due to the addition of fibers. It is likely the fibers controlled
the water migration to the base by increasing bleeding to the surface.
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Figure 3-5: a) Temperature and b) stress profiles from stressmeter for slabs E and A
3.3.2 Mechanical Properties
The results obtained from compressive strength, splitting tensile strength and elastic
modulus testing of the five mixtures are shown in Figure 3-6(a), (b) & (c). The mixtures showed
similar trends in compressive strength, splitting tensile strength and elastic modulus values. The
compressive strength of all the mixes exceeded 15.7 MPa (2,200 psi) at 6 h and 20.7 MPa (3,000
psi) at 24 h, indicating conformance with Florida DOT guidelines and HES concrete specifications
of many other states. Mix 2 showed high strengths indicating that it is possible to obtain high
strengths even with low-paste mixtures. Mix 3 with LWA showed slightly lower strength and
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modulus values during the first three days. However, at 7 days strengths were similar to that of
control mix. Inclusion of SRA is known to reduce the strength and a slight reduction of strength
and modulus can be seen in Mix 4 compared to Mix 1. Mix 5 with fiber did not show a significant
increase in the compressive and tensile strengths, but showed similar or slightly lower strengths
compared to the control.
3.3.3 Activation Energy
The hyperbolic and exponential functions produced different compressive strength based
Ea values. The exponential function was able to predict the compressive strength development
better at later ages as stated in [95], strength based Ea values are listed in Table 3-2. Mix 2 (Paste
reduced) had a higher strength based Ea value compared to those of Mix 1 (Control) and Mix 4
(SRA). The presence of superplasticizer and the lower cement content in Mix 2 has resulted in a
higher Ea value. A slight increase in strength based Ea with addition of superplasticizer was
reported in [96], however the chemical composition of the superplasticizer was not mentioned in
the study. A minor decrease in Ea can be observed in Mix 4 with SRA.
The heat of hydration of the cement paste mixtures obtained from isothermal calorimetry
at 23°C and 40°C are shown in Figure 3-7. At both temperatures, Mix 4 with SRA showed lowest
cumulative heat of hydration. Heat of hydration based Ea determined using isothermal calorimetry
measurements are shown in Table 3-2. These Ea values were used for the prediction of degree of
hydration and temperature of concrete. Addition of superplasticizer resulted in a substantial
decrease in Ea for Mix 2 compared to Mix 1. While this is contradictory to findings by Wirquin et
al. [95], Poole et al. [97] reported similar results with the addition of naphthalene sulfonate–based
and polycarboxylate-based superplasticizers. Inclusion of SRA in Mix 4 did not have a significant
effect on its Ea.
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Figure 3-6: Mechanical property development of each mixture with age: (a) compressive strength
(b) splitting tensile strength and (c) elastic modulus
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Table 3-2: Compressive strength based-activation energy (hyperbolic function) and heat of
hydration based- activation energy
Apparent activation energy Ea (kJ/mol)
Mix ID

Compressive strength based
(exponential function)

Heat of hydration based

Mix 1

28.6

32.2

Mix 2

39.4

25.9

Mix 4

22.5

31.6

400
350

Total Heat (J/g)

300

250
Mix 1 - 23°C
Mix 2 - 23°C
Mix 4 - 23°C
Mix 1 - 40°C
Mix 2 - 40°C
Mix 4 - 40°C

200
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0
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Figure 3-7: Heat of hydration of paste at 23°C and 30°C
The heat of hydration based Ea values calculated for Mix 1 and 3 were higher than the
strength based Ea values determined for the same mixtures while it was the opposite for Mix 2.
The difference can be expected in the activation energies calculated using the two methods as the
strength based activation energy considers not only the degree of hydration but also the
microstructure of the hydration products [13].
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3.3.4 Semi-Adiabatic Calorimetry
Using semi-adiabatic calorimetry measurements and the calculated activation energies, the
concrete adiabatic temperature rise was calculated [2]. Figure 3-8 illustrates the adiabatic
temperature rise for all the mixtures. As expected, a significant reduction in the concrete
temperature rise was observed in Mix 2 with lower cement content. Mix 1 showed the highest
maximum temperature, likely due to its higher initial temperature which was about 5 °C above the
other concrete mixtures. Therefore, if this is taken into consideration, incorporation of LWA (Mix
3) and SRA (Mix 4) did not have significant effects on concrete temperature profiles.
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Figure 3-8: Adiabatic temperature for concrete mixtures
Hydration parameters, αu (ultimate degree of hydration), β (shape parameter) and τ (time
parameter) obtained using heat of hydration based Ea and semi-adiabatic calorimetry are listed in
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Table 3-3. In terms of β and τ parameters, results are similar in mixes with the same cement content
of 534 kg/m3 (900 lb/yd3). However, for Mix 2 with lower cement content, β parameter increased
and τ parameter decreased implying a slightly faster rate of hydration. Although the SRA was
expected to retard the hydration, no significant increase in τ parameter was apparent in Mix 4, but
a slight decrease in αu was observed. Despite the difference in the cement content, Mix 1 and 2
showed similar αu values. Nevertheless, slightly higher αu value was observed for Mix 3 with
LWA, indicating the effect of internal curing on degree of hydration.
Table 3-3: Semi-adiabatic modeled parameters
Mix ID
Average Semi-Adiabatic
Parameters

Mix 1 Control

Mix 2 Paste
reduced

Mix 3 LWA

Mix 4 SRA

β

0.930

1.164

0.877

0.970

τ (hrs)

8.280

7.295

8.250

8.378

αu

0.725

0.731

0.755

0.685

Adiabatic Temp (°C)

98.3

84.2

97.2

94.1

Adiabatic Temp Rise (°C)

62.8

52.4

66.7

62.1

3.3.5 Coefficient of Thermal Expansion (CTE)
CTE determined for four concrete mixtures using both AASHTO T 336 and Tex-428-A
test methods are shown in Table 3-4. Evidently, Tex-428-A gave higher CTE values compared to
the AASHTO method, presumably due to the difference in calculation techniques used in the two
methods. Siddiqui and Fowler [98] explained it as a consequence of internal water pressure
increase due to temperature change. Two types of deformations (instantaneous and timedependent) occur in saturated concrete due to the differences in CTEs of solid and liquid
components which can lead to overestimation of CTE when Tex-428-A method is used. The Texas
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method uses temperature increasing and decreasing points for CTE determination and hence the
time-dependent deformation which occurs during isothermal state is not taken into account. A
detailed explanation on this phenomenon can be found in [98], [99]. In order to determine the
statistical difference between the control (Mix 1) and Mixes 2-4, Analysis of variance (ANOVA)
and Fisher least significance difference (LSD) methods were performed on CTE values calculated
using both methods. The analyses were conducted at a 95% confidence interval. All statistical
analyses were carried out following Montgomery [100]. The outcome of ANOVA and LSD
analyses are summarized in Table 3-5. Accordingly, the effect of SRA on concrete CTE was not
statistically significant, probably due to the lower volume of SRA used.
Table 3-4: CTE values for the mixtures
CTE (microstrain)

Mix ID

AASHTO T336

Tex-428-A

Slab A-Mix 1

7.0

7.2

Slab B-Mix 2

7.3

7.4

Slab C-Mix 3

6.6

6.7

Slab D-Mix 4

7.1

7.3

Table 3-5: Outcome of ANOVA and LSD analyses
Null hypothesis (Reject/Accept)
ANOVA Summary

LSD Summary

AASHTO-T336

Tex-428-A

Reject

Reject

Statistical difference (Yes/No)
AASHTO-T336

Tex-428-A

Slab A-Mix 1 vs Slab B-Mix 2

Yes

Yes

Slab A-Mix 1 vs Slab C-Mix 3

Yes

Yes

Slab A-Mix 1 vs Slab D-Mix 4

No

No
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From the mixtures used in this study Slab C-Mix 3 (LWA) had the lowest CTE and Slab
B-Mix 2 (paste-reduced) had the highest CTE; however, the results are within the tolerance limits
of the test. Slab A-Mix 1(control) and Slab D-Mix 4 (SRA) had similar aggregate contents. The
total aggregate content for Slab B-Mix2 was higher compared to the control as its cement content
was lower and had a higher aggregate content. Slab C-Mix 3 had a lower sand content, as it was
partially replaced by LWA. To assess the role of aggregate content on CTEs concrete, CTE of
mixtures were compared with their aggregate contents as shown in Figure 3-9. Evidently, there is
a similar trend between CTE values of the mixtures and their fine aggregate content (siliceous
sand). Although higher volume fractions of limestone were used in the mixtures, the sand content
seems to have a greater impact on concrete CTEs due to a higher CTE of siliceous sand. The effect
of siliceous sand and LWA was apparent from the lower CTE value observed for Slab C-Mix 3.
Expanded clays are reported to have lower CTE values compared to siliceous sand [101].
According to Byard and Schindler [74], a 30% reduction in concrete CTE was observed when the
pre-wetted LWA aggregates were used.
Despite a lower cement content in Slab B- Mix 2, the CTE value obtained for this slab was
slightly higher than the control mixture. This contradicted the findings in [102], [103]. However,
Mix 2 had higher siliceous sand content (5% higher) and a lower cement content (4% lower) when
compared to the base mix; it is likely that the increase in fine aggregates had more governing effect
on concrete CTE. Mindess et al. [104] indicated that concrete CTE depends primarily on the
aggregate type for mixtures with typical cement contents.
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Figure 3-9: Comparison of CTE with the aggregate content in each mix
3.3.6 Rigid Cracking Frame (RCF)
RCF results obtained for all the mixtures are shown in Figure 3-10 through Figure 3-11
along with the imposed temperature profiles. RCF stress was only affected by the temperature rise
and the autogenous shrinkage of the mixtures. The decrease in cement content clearly reduced the
tensile stresses developed in concrete as illustrated in Figure 3-10. Lower cement content of 415
kg/m3 (700 lb/yd3) when compared to a cement content of 534 kg/m3 (900 lb/yd3) resulted in a
lower maximum temperature for Slab B-Mix2. Evidently, the decrease in internal temperature
decreased the thermal expansion. As it can be observed in the figure, reducing the paste content
by incorporating intermediate aggregates in the mix is an effective way of reducing tensile stresses
at all ages. Moreover, the overall decrease in autogenous shrinkage due to the reduced paste
content also may have contributed to the lower tensile stresses.
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Figure 3-10: RCF results for Slab B - paste reduced and Slab A - control
The effect of LWA (Slab C-Mix 3) on stress and temperature development is presented in
Figure 3-11 where partial replacement of sand by LWA did not appear to have noticeable effects
on concrete temperature rise compared to the control. Nevertheless, the LWA mix performed better
than the control mix as evident by the reduced tensile stresses. This decrease in tensile stresses can
be attributed to the higher internal humidity in concrete due to the internal curing provided by the
saturated LWA. According to [74] “moisture absorbed in LWA would try to maintain the internal
humidity and autogenous shrinkage would be reduced as a result”. Additionally, the lower CTE of
the LWA mixture may have contributed to reducing the tensile stresses as well.
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Figure 3-11: RCF results for Slab C - LWA and Slab A - control
Addition of SRA did not seem to have a significant effect on Slab D-Mix 4 compared to
the base mix (Figure 3-12). In spite of the similar temperature rise, slightly higher pre-compression
was observed in the SRA mix during initial hours. Subsequently, it stayed slightly longer than the
control in compression, likely due to the differences in temperatures between the two mixes.
However, use of SRA showed minimal effects on stress development. This implies that at this w/c
ratio either the autogenous effect was minimal or the SRA did not contribute much to minimize
the autogenous shrinkage due to its lower dosage. Nevertheless, the effectiveness of SRA in
minimizing cracking risks by reducing shrinkage was reported in other work [105], [106].
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Figure 3-12: RCF results for Slab D - SRA and Slab A - control

As it appears in Figure 3-13, the effect of polypropylene fibers on RCF stress development
was insignificant. Typically, polypropylene fibers are used to control plastic shrinkage cracking
[107], [108]. As external drying was prevented in RCF experiment, addition of fibers was not
likely an effective measure in reducing stresses compared to the control.
3.3.7 Comparison of Field and Laboratory Results
The effectiveness of the different mitigating strategies, studied here, was further evaluated
by comparing the field and laboratory results and assessing their similarities/differences. The
stresses observed in the field slabs and RCF were considered in this comparison.
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Figure 3-13: RCF results for Slab E – fiber and Slab A – control

The stress development, recorded during the first 6 hours in the field experimental program,
were likely affected by moisture loss from the concrete slab to the base and the induced moisture
gradient. On the other hand, in the RCF experimental setup, external drying was prevented and
thereby RCF stress was only affected by temperature rise and autogenous shrinkage. The
temperature effect was predominant, during the first few hours when compressive stresses were
observed. This premise was supported by finite element analyses performed on a pavement slab
by the authors [109] as it confirmed that the initial temperature gradient would not contribute to
the development of tensile stresses above the horizontal mid-plane of the slab at early ages .
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The variation in the stress-to-tensile strength ratios with concrete age were plotted for the
RCF and the field slabs to assess the cracking potential. As it can be seen in Figure 3-14(a),
lowering the cement content utilizing intermediate aggregates significantly reduced the stress-totensile strength ratios in both field and RCF results for Slab B-Mix 2 mix, proving the effectiveness
of reduced paste mixtures in minimizing cracking risks. Addition of LWA showed a substantial
reduction in RCF stress-to-tensile strength ratios throughout the test indicating the efficacy of prewetted LWA, as a source of internal curing, in minimizing cracking risks as well as the effect of
its lower CTE in reducing tensile stresses. (Figure 3-14(b)). This behavior was only observed
during the first 24 hours in the field slab and subsequently ratios were slightly higher compared to
the control slab. Incorporation of SRA had minimal effect on RCF stress-to-tensile strength ratios
compared to the base mix, possibly due to the lower SRA dosage used in this study (Figure 314(c)). However, in the field slab, a significant reduction in stress-to-tensile strength ratios can be
observed during the initial period. This can be attributed to a decrease in moisture movement which
resulted from an increase in fluid viscosity with the addition of SRA. It was reported that SRA can
enhance the durability performance of concrete by lowering the moisture diffusivity and increasing
the fluid viscosity [110] and [111]. Therefore, SRA may be more effective in reducing drying
shrinkage than autogenous shrinkage, especially at this w/c. Nevertheless, after the first 24 hours,
consistently higher stress-to-tensile strength ratios were observed in the slab with SRA. The reason
for such behavior is questionable. However, these ratios remained low. Addition of fibers showed
negligible effects in RCF stress-to-tensile strength ratios compared to the control (Figure 3-14(d)).
It is likely that the mechanical properties of the concrete mix were not at all affected by the
inclusion of fibers. Typically, fiber reinforcement is expected to improve the tensile strength of
concrete and control cracking. However, due to the lower tensile capacity of polypropylene fibers
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compared to other types of fibers [112], [113] they are mostly used to control plastic shrinkage
cracking [108], [114]. Nevertheless, a substantial decrease in the stress-to-tensile strength ratio
was observed during the first 24 hours in the field slab with fiber. It is possible that the fibers
minimized the tensile stress development by moisture wicking and thereby maintaining a fairly
uniform moisture distribution in the slab, a phenomenon that would not manifest in the rigid
cracking frame [115], [116]. It is also possible that the fibers made the mix more stable by blocking
the moisture movement toward the base and preventing the development of a moisture gradient as
a result. It was reported that polypropylene fibers can maintain a stable concrete mix without
settling the mix constituents [108], [115], [116]. Overall, all of the mitigation methods were mostly
beneficial during the first 24 hours, when the stresses develop rapidly. Subsequently, the
differences were minimal for all mixtures.
3.4

Conclusions
A field and laboratory experimental study was conducted to determine the effectiveness of

several cracking mitigating measures on reducing early-age cracking risks of HES repair slabs.
Based on this investigation, the following conclusions can be made:
1. Initial stress development, in most slabs, was affected by moisture migration to the base.
Therefore, it is recommended to wet the base prior to concrete placement to prevent moisture
loss and thereby mitigate the tensile stress development. Additionally, inclusion of LWA, SRA
and fiber controlled moisture loss to the base and subsequently decreased the initially induced
tensile stresses.
2. The paste reduced mix showed enhanced tensile strength and lower induced tensile stress
compared to the base mix. This mixture design can be recommended as a potential HES mix
for full depth pavement slab repair.
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(d) Slab E compared to Slab A
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3. While the inclusion of pre-wetted LWA slightly reduced the concrete strength at early age, it
showed a noticeable decrease in the cracking tendency due to providing internal curing source
in addition to a lower CTE.
4. Inclusion of SRA and polypropylene fibers showed noticeable effect on the initial tensile
stress; however, their effectiveness on lowering the cracking potential beyond 24 hours was
limited, possibly due to the lower SRA dosage and the lower volume of fibers used in the
current study.
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Chapter 4:

Evaluating Early-Age Stresses in Jointed Plain Concrete Pavement
Repair Slabs2

4.1

Introduction
Jointed plain concrete pavement (JPCP) is the most commonly used concrete pavement

type in the United States. Distresses in JPCP slab sections can result in pavement failure and
thereby mandate full depth replacement. Rapid repair materials such as high early strength (HES)
concrete are used in replacement slabs to avoid unnecessary repair delays. However, early-age
cracking incidents affect the long-term durability of pavements and such incidents have been
encountered in some slab replacement projects. Thermal contraction and shrinkage due to moisture
loss have been reported as the main causes for early-age cracking in these slabs [2]. In general, the
early-age stress development in concrete is a combined effect of thermal deformation, shrinkage
due to moisture loss, viscoelastic effects and internal or external restraints. Therefore, the total
strain ɛ(𝑡) of a concrete element, at any given instant of time, is the cumulative sum of several
strain components, Equation 4-1 [117].
ɛ(𝑡) = ɛ𝑡 (𝑡) + ɛ𝑠ℎ (𝑡) + ɛ𝑒 (𝑡) + ɛ𝑐𝑟 (𝑡)

Equation 4-1

where ɛ𝑡 (𝑡) = thermal strain, ɛ𝑠ℎ (𝑡) = shrinkage strain, ɛ𝑒 (𝑡) = elastic strain and ɛ𝑐𝑟 (𝑡) = creep
strain

2

This chapter has been submitted as a manuscript to the ACI Materials Journal and is currently under review.
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The mechanical properties of high early-strength concrete (HES), the nature of slab-base
restraints, construction methods and curing methods can, in general, be identified as contributing
factors for cracking in JPCP repair slab. Therefore, an investigation has been carried out to
determine potential methods to minimize cracking problems in concrete pavement replacement
slabs. As reported in the literature, modifications to mixture design such as reducing cement
content [6], [118] incorporation of supplementary cementitious materials (SCM), use of
lightweight aggregates (LWA) [8], introduction of shrinkage-reducing admixtures (SRA) and use
of friction reducing media at the slab-base interface could mitigate early-age cracking in concrete.
A field study was performed to investigate and understand the effects of some of the above factors
on reducing the cracking potential in JPCP replacement slabs [6]. The primary objective of the
current follow up study was to perform numerical modeling to understand the physical
phenomena/mechanism(s) causing early-age cracking in HES concrete slabs. Moreover, the
adopted modeling procedure was subsequently proposed as a method to predict early age stress
development to minimize costly field trials.
Multiple numerical modeling programs based on finite difference (FD) or finite element
(FE) methods have been used in structural concrete and rigid pavement research studies. Several
of these programs have been used in concrete pavement studies to evaluate the pavement behavior
under different circumstances such as dynamic loads, environmental loads, and to study joint load
transfer [119]. Only a few numerical modeling programs, however, have been implemented to
assess the behavior of hardening concrete [54], [64], [120]. As a flexible FE analysis software
platform, DIANA has been used to simulate concrete during the hardening process [121]–[130]
and several studies have employed two-dimensional FE analyses focused on issues pertaining to
concrete pavements at later ages [131], [132].
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FE analyses were performed in this study using a three-dimensional model to predict the
stress development and cracking potential of HES concrete repair slabs during curing in the first
72 hours. Unlike typical paving concrete, HES concrete experiences higher temperatures,
increased autogenous shrinkage and rapid strength development due to accelerated hydration. The
axial deformation, curling and warping in slabs due to temperature and moisture transport are
externally restrained by frictional forces induced at the base. On the other hand, these repair slabs
do not contain any reinforcing steel because pavement cracking in JPCPs is expected to be
controlled by the contraction joints. Consequently, significant variations in temperature and
moisture conditions cause cracking.
4.2

Experimental Investigation

4.2.1 Early-Age Temperature and Stress Evolution in Field Slabs
The authors previously conducted a field study to evaluate different crack mitigating
strategies [6]. It was speculated that the slab-base moisture conditions influence the changes in
concrete stress during the first 24 hours after placement. The current FE analysis focused on
understanding the experimental observations of two of the field slabs (control slab and the slab
with double layers of polyethylene sheet at the slab-base interface). Concrete slabs with
dimensions of 3.7m x 4.6m x 0.3m (12ft x 15ft x 1ft) typical of repair slabs were constructed on a
0.3m (12in) lime-treated base. The temperature variations within the slabs were collected using
Type T thermocouples attached to rebar frames on the subbase at the centers of the slabs at heights
of 0.025m (1in.) and 0.28m (11in.) from the ground. The stress development at the centers of the
slabs at 0.2 m (8in.) from the bottom were recorded by Geokon Model 4370 concrete stressmeters
(vibrating-wire gauge technology). The temperature evolution, at the same location, were recorded
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by a thermistor built into the stressmeter. A detailed explanation on field instrumentation can be
found in Mapa et al. [6].
The temperature and stress variation of the control slab recorded for a period of 5 days are
shown in Figure 4-1(a) and (b). The concrete mixture used in this slab was a typical HES mixture
design utilized for concrete pavement slab repair with a water-to-cement (w/c) ratio of 0.384
(Table 4-1). A notable increase in the slab temperature was observed at all levels during the initial
period due to the exothermic nature of cement hydration. However, during the same period, tensile
stresses were observed in the control slab as opposed to the slab with the polyethylene sheet (which
can be considered as a moisture barrier) in which compressive stresses were developed during the
same period (Figure 4-1(c)). This behavior was unexpected, considering the expansion due to
temperature rise, which typically results in compressive stresses when restrained.
Table 4-1: Concrete mixture proportions – per 1 m3 (l yd3)
Material

Quantity

Cement (Type I/II) – kg (lb)

534 (900)

Coarse Aggregate #57 limestone (SSD) – kg (lb)

997 (1680)

Fine Aggregate (SSD) – kg (lb)

492 (829)

Water – kg (lb)

193 (325)

Type F Superplasticizer – ml (fl.oz)
Type E Accelerator – ml (fl.oz)
Air Entrainer – ml (fl.oz)
Type D Water Reducer - ml (fl.oz)

0 (0.00)
14,853 (384.0)
37 (1.0)
874 (22.6)
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Figure 4-1: Field recorded (a) temperature – control slab (b) stress – control slab (c) stress - slab
with polyethylene sheet (moisture barrier) at the slab-base interface (Note: 1 MPa = 145 psi; °F =
1.8°C + 32)
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In general, tensile stresses in a concrete slab can be attributed to thermal contraction,
shrinkage due to moisture loss, temperature gradient, moisture gradient or slab-base interface
restraint. However, the physical phenomena/mechanism(s) which induced tensile stress in the
control slab during the initial stages of hardening is unclear. It is noteworthy that the concrete
mixture used in the slab with polyethylene sheet was different than the one utilized in the control
slab, owing to its lower cement content of 415 kg/m3 (700 lb/yd3) which resulted in a lower
temperature rise. However, this difference in temperature rise in the two slabs would not cause
opposite trends in stress development [6]. Hence, it is hypothesized that the induced tensile stresses
in the control slab can be attributed to a moisture gradient caused by a moisture loss from the
concrete to the base, which was not the case with the slab with polyethylene sheet.
The field study only evaluated the stress development at one location in each slab (8in.
from the bottom at the center of the slab). Besides, the experimental observations from the field
study may not suffice to obtain in-depth knowledge on the early-age concrete slabs, because
thermal deformation, shrinkage due to moisture loss, creep/relaxation and internal/external
restraints occur simultaneously as indicated by Equation 4-1.
4.3

Analytical Procedure, Results and Discussion

4.3.1 Finite Element Analysis of a Concrete Slab
The FE analyses of the slabs were performed using DIANA 10.2 software [120] to
implement the effects of concrete hydration kinetics on the cracking index calculations through
the use of the built-in modules for heat of hydration, equivalent age calculations, temperature and
time dependent material properties [122]. In the following sub-sections, the details used in FE
modeling, including the model geometry, mesh, generation of model inputs and boundary
conditions are presented. The subsequent section explains how this modeling approach could be
70

adapted to determine concrete mixture performance and thereby minimize the work in the future
of intensive field trials.
4.3.1.1 Model Geometry and Mesh
Three-dimensional FE simulations were performed using a staggered flow-stress analysis,
in which the structural analysis was performed subsequent to the thermal analysis. The temperature
evolution and stress development in concrete were modeled using nonlinear analyses since the
early-age thermal and mechanical properties of concrete vary with time. The temperature
distribution solution, obtained from thermal analysis, was automatically input into the structural
model as a thermal load imposed on concrete over time.
The model geometry included the pavement slab, the base and the subgrade, Figure 4-2(a)
and (b). The area of the concrete slab was 3.7m (12ft) x 4.6m (15ft) with 0.3m (1ft) thickness. The
base also had similar dimensions to that of the concrete slab while the subgrade was limited to a
region of 10.97m (36ft) x 13.72m (45ft) x 3.05m (10ft) to model the area of influence. A refined
mesh, with an element size of 0.0254 m (2 in.), was adapted to the concrete slab, compared to a
coarser mesh applied to the base and subgrade, as the focus of FE analysis was on the behavior of
the concrete slab. The coarser mesh was useful in the model to minimize the computational effort.
The mesh configuration was optimized considering convergence and computational time, based
on several trials (Figure 4-2(a) and (b)). The model comprised of two domains; one for the thermal
analysis and the other for the structural analysis and the entire model was active in both domains.
Therefore, quadratically interpolated three-dimensional elements based on Gauss integration
(twenty-node isoparametric solid brick elements) were used. During thermal analysis, these
elements could be converted to linearly interpolated heat flow elements by three-dimensional
eight-node isoparametric brick elements disregarding the mid-nodes. Interface elements were
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introduced between the slab and the base to prevent the interpenetration of the slab and base
elements [133].
Concrete Slab
(a)

Base

(b)

Subgrade

Figure 4-2: Pavement slab (a) mesh - isometric view (b) mesh - side view
4.3.1.2 Background Theory
Material models which can simulate the early-age behavior of concrete were used in the
analysis. The constitutive equations utilized in the material models are listed in Equations 4-2
through 4-14. The hydration behavior of concrete is described in Equation 4-2 using a variable 𝑟
(degree of reaction). The momentary heat production rate, 𝑞𝑉.ℎ𝑦 (𝑟, 𝑇) is defined in Equation 4-3.
The effects due to hydration and changes in temperature on the generated heat were considered
here. The temperature dependent heat production rate, 𝑞𝑇 (𝑇), was determined using heat of
hydration-based activation energy, according to Equation 4-4. The degree of hydration dependent
heat production, 𝑞𝑟 , can be directly specified in the input file. However, in most cases, adiabatic
temperature evolution and heat capacity were used to derive the heat production rate (Equation 45). In such cases, 𝑞𝑟 was determined using Equations 4-3, 4-4, and 4-5 in order to compute 𝑟 in
Equation 4-2. The heat transfer by conduction was derived by expanding the Fourier equation for
heat transfer (Equation 4-6) to three dimensions. The temperature evolution due to hydration may
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be explained considering a heat balance as in Equation 4-7. Differential Equation 4-7 was solved
by adopting the Galerkin weighting procedure. The convective heat transfer due to wind is derived
from Equation 4-8. The convection coefficient (h) can be constant, temperature-dependent or timedependent. Likewise, the radiation effect was taken into consideration using the radiative discharge
shown in Equation 4-9. The temperature evolution in hydrating concrete was determined
considering the heat balance between heat transfer and heat production.
In the structural model, the equivalent age maturity method (Equation 4-10) was adopted
to derive the evolution of mechanical properties of hydrating concrete. The equivalent age was
calculated during the thermal analysis and subsequently used in the structural analysis to relate the
age of concrete to its material properties based on its temperature history. Autogenous shrinkage
was directly computed as a discrete function that was dependent on time. The evolution of the
elastic modulus was determined by means of a maturity-dependent function. Moreover, the
viscoelastic nature of concrete was simulated by the double power law model (DPL), Equation 411, introduced by Bazant and Osman (1976). The evolution of tensile strength was also simulated
using a maturity-dependent function. A cracking index, Equation 4-12, was calculated considering
the ratio between tensile strength and principal stress to express the cracking potential. Cracking
indices lower than 1 were used to indicate the likelihood of cracking [135].
The interface material model adopted in the slab-base interface was a simplification of the
Coulomb friction model and it only simulated the nonlinear elastic behavior. The constitutive
behavior in the elastic regime is shown in Equation 4-13. The basic concept of the friction model
is that yielding is governed by the yield function, Equation 4-14, where the effective shear stress,
𝜏 is equal to √𝑡𝑠2 + 𝑡𝑡2 (𝑡𝑠 and 𝑡𝑡 = shear traction, 𝑠 and 𝑡 are traction axes parallel to the plane of
interface element).
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𝑡

∫0 𝑞𝑉.ℎ𝑦 (𝑟,𝑇)𝑑𝑇

▪

Degree of reaction: 𝑟 =

▪

Momentary heat production rate: 𝑞𝑉.ℎ𝑦 (𝑟, 𝑇) = 𝛼 ∙ 𝑞𝑟 (𝑟) ∙ 𝑞𝑇 (𝑇)

Equation 4-2

∞

∫0 𝑞𝑉.ℎ𝑦 (𝑟,𝑇)𝑑𝑇

Equation 4-3

𝐸

𝐴 (𝑟,𝑇)
−𝑅

Equation 4-4

▪

Temperature dependent heat production: 𝑞𝑇 (𝑇) = 𝑒

▪

Heat production rate: 𝑞(𝑡) = 𝑐(𝑇, 𝑟)

▪

Heat transfer by conduction: 𝑞𝑐𝑜𝑛𝑑 = −𝑘(𝑟, 𝑇) (𝑖 𝜕𝑥 + 𝑗 𝜕𝑦 + 𝑘 𝜕𝑧 )

Equation 4-6

▪

Rate of internal heat generation: 𝑄 = 𝑑𝑖𝑣(𝑞𝑐𝑜𝑛𝑑 ) + 𝜌𝑐𝑇̇

Equation 4-7

▪

Heat transfer by convection: 𝑞𝑐𝑜𝑛𝑣 = −ℎ(𝑇𝑏 − 𝑇𝑒 )

Equation 4-8

▪

4
Heat transfer by radiation: 𝑞𝑟𝑎𝑑 = −𝜀𝜎(𝑇𝑏4 − 𝑇𝑟𝑎𝑑
)

Equation 4-9

𝑇+273

𝜕𝑇𝑎𝑑𝑏

Equation 4-5

𝜕𝑡
𝜕𝑇

−𝐸

1

1

𝑎
⌈ −
⌉
∑𝑡0 𝑒 𝑅 𝑇𝑐 𝑇𝑟𝑒𝑓

𝜕𝑇

𝜕𝑇

Equation 4-10

▪

Equivalent age: 𝑡𝑒𝑞 =

▪

DPL creep compliance: 𝐽(𝑡, 𝜏) = 𝐸(𝜏) (1 + 𝜑𝜏 −𝑑 (𝑡 − 𝜏)𝑝

▪

Cracking index: 𝐼𝑐𝑟 (𝑡) =

▪

Nonlinear elastic friction model: 𝐭 = De 𝐮

Equation 4-13

▪

Yield function: |𝜏| + 𝑡𝑛 𝑡𝑎𝑛𝜃 − 𝑐 = 0

Equation 4-14

∙ ∆𝑡

1

𝑓𝑡 (𝑡)
𝜎1 (𝑡)

Equation 4-11
Equation 4-12

where, T = temperature (°C), α = the maximum value of the heat production rate (J/ m3-h), qr(r) =
degree of reaction dependent heat production (J/m3-h), EA= activation energy of concrete (J/mol),
R = universal gas constant, 8.314 J/mol-℃, c(T,r) = heat capacity which can depend on
temperature and degree of reaction (J/°C), Tadb = adiabatic temperature (°C), ρ = density (kg/m3),
k(r,T) = thermal conductivity which can depend on temperature and degree of reaction (W/m°C),
h = heat transfer coefficient, Tb = surface boundary temperature (°C), Te = environmental
temperature (°C), ε = emission coefficient, σ = Stefan-Boltzmann constant, 56.7×10−9 W/(m2·K4),
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Trad = radiative temperature (°C), teq = equivalent age at the reference temperature (h), Tref =
reference temperature (°C), Tc = concrete temperature (°C), ∆t = time interval (h), t = concrete age
(days), τ = concrete age at loading (days), J(t, τ) = compliance function, E(τ )= elastic modulus at
τ (GPa), φ = creep coefficient, d and p = creep model parameter, Icr(t) = cracking index, ft(t)=
tensile strength (MPa), σ1(t) = principal stress (MPa), t = traction matrix, u = displacement matrix,
De = stiffness matrix, tn= traction normal to the plane, tanθ = friction coefficient and c = cohesion
4.3.1.3 Model Input Parameters
Several thermal and mechanical properties were required as inputs to perform the FE
analysis. Therefore, the majority of model input parameters were generated through conducting
laboratory experiments such as testing of mechanical properties, calorimetry and the rigid cracking
frame (RCF), while a few parameters such as the heat capacity, conductivity coefficient,
convection coefficient and radiation coefficient were obtained from the literature [123], [128].
The heat flux in the slab was adjusted by varying the thermal conductivity, heat capacity
and convection coefficient with time within the respective ranges found in the literature, so that
the predicted temperature variations at 0.28, 0.2 and 0.025 m (11, 8 and 1 inches) measured from
the bottom of the slab, would match those in the field. The aim here was to predict the temperature
variation as close as possible to that of the field, in order to predict the stress variation accurately.
The adjusted values for conductivity, capacitance and convection fell within the ranges found in
the literature.
The method explained by Poole et al. [51] was used to calculate the heat of hydration basedapparent activation energy. Heat of hydration of the paste samples were determined using
isothermal calorimetry at three temperatures: 23, 30 and 40°C (73.4, 86 and 104°F), in accordance
with ASTM C1702 [50] Method A using a TAM Air isothermal calorimeter manufactured by TA
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Instruments. The heat of hydration activation energy calculated based on isothermal calorimetry
results was 32.2 kJ/mol.
In order to obtain the adiabatic temperature evolution as an input to the analysis, semiadiabatic calorimetry was performed following the guidelines of RILEM technical committee 119
[52], [2]. Concrete cylinders of 150 mm x 300 mm (6 in. x 12 in.) were prepared following ASTM
C192 [53] and placed inside the calorimeters to record the concrete temperature every 5 minutes
for a period of 120 hrs. The adiabatic concrete temperature curve obtained from semi-adiabatic

Concrete Temperature (°C)

calorimetry is presented in Figure 4-3.
100
90
80
70
60
50
40
30
20
10
0
0

24

48

72

96

120

Test Duration (h)
Figure 4-3: Adiabatic concrete temperature curve obtained from semi-adiabatic calorimeter
(Note: °F = 1.8°C + 32)
The density of concrete was measured in accordance with ASTM C138 [136]. Concrete
cylinders of 100 mm x 200 mm (4 in. x 8 in.) dimensions were used for mechanical property
measurements. Splitting tensile strength and elastic modulus and Poisson’s ratio were measured at
6 h, 1, 3, 7, and 28 days in accordance with ASTM C496 [48] and ASTM C469 [49], respectively.
Poisson’s ratio of 0.25 was measured. The equivalent age of the concrete cylinders were calculated
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based on ASTM C1074 [63]. The splitting tensile strength and elastic modulus of concrete
cylinders were then plotted against their equivalent age, and the data was fit to two separate
exponential functions (Equation 4-15) by the least square method and thereby Su, τ and β
parameters were determined [43], [92]–[94].
𝜏 𝛽

Equation 4-15

𝑆 = 𝑆𝑢 𝑒 −(𝑡)

where S = Average tensile strength or elastic modulus at age t (psi/MPa), t = Test age (days), Su =
Limiting strength or elastic modulus (psi/MPa), τ = Time constant (days) and β = Curve shape
parameter (dimensionless)
The equivalent age dependent tensile strength and elastic modulus curves are shown in
Figure 4-4. The equivalent age dependent elastic modulus curve was used to model the elastic
modulus development of concrete whilst the equivalent age dependent tensile strength curve was
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Figure 4-4: Fitted curves for the development of tensile strength and elastic modulus (Note: 1
MPa = 145 psi)
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The coefficient of thermal expansion (CTE) of the concrete mixture was determined
according to AASHTO T336-11 [87]. CTE of two concrete cylinders of 100 x 178 mm (4 x 7 in.)
prepared according to ASTM C192 [53] were averaged. The determined CTE value was 7.0
microstrain/C.
The autogenous shrinkage was input as a discrete function which was evaluated based on
the model proposed by Hedlund [137], [65] (Equations 4-16 and 4-17) for a water-to-cement ratio
of 0.384.
𝑡𝑠1 𝜂𝑆𝐻
𝜀𝑎𝑢𝑡 = 𝜀𝑎𝑢𝑙𝑡 ∙ exp (− (
) )
𝑡 − 𝑡𝑠0
𝜀𝑎𝑢𝑙𝑡 = (−0.94 + 2.238 ∙

Equation 4-16

𝑤
) ∙ 10−3
𝑐𝑚

Equation 4-17

where, 𝜀𝑎𝑢𝑙𝑡 =ultimate autogenous shrinkage strain, 𝑡𝑠1 =time parameter (5 days), 𝜂𝑆𝐻 =curvature
parameter (0.3 for high performance concrete), 𝑡𝑠0 =time of set and

𝑤
𝑐𝑚

=water-to-cementitious

ratio
A secondary finite element analysis of a rigid cracking frame (RCF) concrete specimen
was performed to determine the creep coefficient (φ) for DPL. The RCF was used to study the
uniaxial stress development of concrete mixtures under restrained conditions. RCF concrete stress
of the same control mix was simulated to determine the creep coefficient which would provide a
close match to the induced stresses in concrete tested in the RCF experiment. The RCF
experimental set up used in this study was based on the original design by Springenschmid et al.
[91]. The concrete was placed into a dove-tailed frame in which two invar bars were connected to
steel crossheads to provide a restraint to hardening concrete specimen. A computer-controlled
water bath was connected to the RCF to control the temperature of the concrete specimen, by
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employing the field temperature profile which was obtained from the stressmeter. Two strain
gauges were mounted on the invar bars and the recorded strains were used to determine the stress
[89], [90].
The RCF FE model geometry consisted of the concrete specimen, steel crossheads and
invar bars as shown in Figure 4-5. The dimensions of all the solid bodies were similar to those of
the experimental setup. Linear elastic isotropic material behavior was considered for the steel
crossheads and invar bars. A mesh size of 0.025 m (0.8 in) was selected for the entire model. The
RCF imposed temperature was applied as the boundary temperature of the concrete specimen and
no hydration heat analysis was performed in the thermal analysis. A constant thermal conductivity
of 2 W/m-°C and a constant heat capacity of 3 x 106 J/m3-°C were used. The initial temperature of
concrete was 31.5 °C whilst the steel crossheads and invar bars were at the ambient temperature
(23 °C) initially. The mechanical boundaries were defined as shown in Figure 4-5 restraining the
displacement in the vertical directions at four corners. The power parameters of the DPL creep
model, p and d, were considered as 0.3 and 0.35 respectively, based on previous studies on
performance of concrete at early-age [129], [138], [139]. These p and d values agreed well with
the values found in literature, irrespective of the concrete mixtures used. Higher variability was
observed in the creep coefficients (φ) used in the literature for early age concrete with Atrushi
[140] suggesting values of 0.33 and 0.75, Faria et al. [138] using a value of 2.26 and de Borst &
van den Boogaard [139] suggesting values varying from 3 to 5.
The imposed temperature profile and the stress variation recorded in the RCF experiment
are shown in Figure 4-6. Initially, it generated compressive stresses due to temperature rise, but
later during cooling, tensile stresses were generated. RCF FE analysis was performed for a duration
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of 96 hours. Figure 4-6 presents the RCF stress predicted by FE analysis using a creep coefficient
(φ) of 1.3 which is a close match to the measured stress.

Concrete specimen
Steel crossheads

Invar bars

Supports

Figure 4-5: RCF model geometry and mechanical boundaries
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= 1.8°C + 32)
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4.3.1.4 Boundary Conditions Used in the FE Analysis
The transient temperature variations at the top and bottom boundaries of the slab were not
experimentally determined. Therefore, in order to establish the thermal boundaries of the concrete
slab, the transient temperature variation on the slab top was evaluated by extrapolating the
temperature variations recorded at 0.2 and 0.28 m (8 and 11 in.) from the bottom (Figure 4-1(a)).
The temperature recorded at 0.025 m (1 in.) from the bottom had the least effect from diurnal and
nocturnal temperature variations. Moreover, less of an acute temperature variation was observed
toward the bottom of slab. Therefore, the temperature profile obtained at 0.025 m (1in.) from the
bottom was employed at the bottom boundary. The mechanical boundaries were defined by
restraining the vertical and horizontal displacements in the nodes along the bottom surface of the
subgrade as shown in Figure 4-7.

Support
Figure 4-7: Pavement slab mechanical boundary
4.3.1.5 Steps of FE Modeling
The FE analyses of the early-age concrete pavement slab were performed in four steps to
highlight the respective influences from diurnal and nocturnal temperature variation, heat of
hydration, viscoelastic behavior and external drying shrinkage on stress development. The analysis
steps used were: (i) Later-age concrete, (ii) Early-age concrete with heat of hydration, (iii) Earlyage concrete with viscoelastic behavior, and (iv) Early-age concrete with external drying
shrinkage.
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▪

Step I – Later-age concrete
It was assumed that the behavior of concrete at later ages was only governed by the diurnal

and nocturnal temperature variations. Since the later-age concrete behavior is less complex, this
analysis was performed prior to early-age analysis, to verify the thermal and mechanical
boundaries of the model. The temperature and stress variations captured in the field after 74 h of
slab placement were used for the comparison of predicted temperature and stress output at this
step, as the field stress and temperature after 74 h showed appropriate later-age behavior. Thermal
and mechanical concrete material properties were considered invariant during the later stages
[140]. Once a close match of the field temperature was achieved, the stress predicted at 0.2 m (8
in) from the bottom was compared to the field-collected stressmeter stress values recorded after
74 h.
The later-age temperature prediction matched very well with the field recorded
temperatures, Figure 4-8(a), verifying the appropriateness of the imposed thermal boundaries. The
maximum and minimum stresses predicted at 0.2 m (8 in.) from the slab bottom by the later-age
model was close to those of the field measured stress evolution, except for bulging of the stress
curve when it transfers from compression to tension. Since the stressmeter used in the field slab
has a finite diameter of 76 cm (3 in.), it is possible that it records the average stress within that
diameter [141]. The respective stresses predicted at 0.15, 0.18, 0.23 and 0.25 m (6, 7, 9 and 10 in.)
are presented in Figure 4-8(b). Care should be taken in interpreting stress variations within the
stressmeter because of this averaging effect.
▪

Step II - Early-age concrete with heat of hydration
In step II, the heat of hydration module was included in the concrete material properties

and early-age thermal boundary conditions were verified assuming that the temperature rise due
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to cement hydration governs early-age temperature boundary conditions. Analysis was performed
for the first 72 h after the placement using the time dependent thermal and mechanical properties.
As in the previous step, temperature prediction obtained at step II matched well with field recorded

Temperature (℃)

temperature during the first 72 h, (Figure 4-8(c)).
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Figure 4-8: Predicted (a) temperature (b) stress at step I - later age concrete (c) predicted
temperature at step II - early-age concrete with heat of hydration (Note: 1 MPa = 145 psi; °F =
1.8°C + 32)
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▪

Step III - Early-age concrete with viscoelastic behavior
After having established the temperature boundaries, the creep and relaxation effects of

concrete were incorporated in this step using the DPL in the same concrete material model used in
step II to simulate the early-age stress development. The creep coefficient of 1.3, obtained from
the secondary FE analysis of RCF, was used in the analysis. The predicted stress variation due to
the early age phenomena such as the temperature rise due to heat of hydration, autogenous
shrinkage, evolution of mechanical properties and creep/relaxation effects is presented in Figure
4-9. The stress prediction during the first 24 h showed a qualitatively similar pattern to that of field
measured stress for the slab with polyethylene. However, after 24 h the stress is underestimated in
the FE analysis, likely due to the change in the creep/relaxation characteristics. Nevertheless, after
24 h the shape of the predicted stress curves, transferring from compression to tension at adjacent
levels, especially at 0.23 and 0.25 m (9 and 10 in.) from the bottom, was similar to that of field
measured stress. It is likely that the DPL does not consider the change in viscoelastic characteristics
with the hardening of concrete. DPL has been criticized for its overestimation of the creep strains
at later ages [140] which results in lower stresses.
▪

Step IV - Early-age concrete with external drying shrinkage
Based on the FE analysis performed up to step III, it is apparent that the temperature

gradient did not contribute to the initial tensile stress development observed in field slabs in the
middle of the slab, at 0.2 m (8 in.) from the bottom. It is therefore reasonable to attribute the initial
tensile stresses at this location to the moisture gradient resulting from moisture migration to the
base. Consequently, the combined effect of diurnal and nocturnal temperature variation, heat of
hydration, viscoelastic behavior and external drying shrinkage on early-age stress development
was considered in the final step of the analysis.
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Figure 4-9: Predicted stress at step III – early-age concrete with viscoelastic behavior at 0.2 m
from the bottom using creep coefficient obtained from RCF analysis (Note: 1 MPa = 145 psi)
The drying shrinkage due to moisture loss to the base during the first 12 h was simulated
by other means in this step, due to the inability of the software to model the moisture movement
in concrete. It was assumed that there was no evaporation from the slab top due to the application
of two layers of the curing compound and that moisture was only lost to the base. Therefore, the
possible moisture distribution across the slab depth can be illustrated by the profiles in Figure 410(a). The moisture content close to the bottom of the slab would be reduced due to the moisture
loss to the base causing shrinkage close to the bottom and propagating upward with time. This will
induce an external restraint at the base in the form of traction. Therefore, a shear force (Fsh)
representing friction was applied at the bottom of the slab as shown in Figure 4-10(b). The
magnitude of the maximum tensile axial force (Fax) induced at the mid-plane of the slab is also
shown in Figure 4-10(b). The difference (∆σ8) between predicted stress at step III (σIII,8) and field
stress (σf,8) at 8 in. from the slab bottom can be attributed to the stress caused by the moisture loss.
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Consequently, drying shrinkage (εsh,8) can be determined considering the elastic modulus at the
same location (E8) because the elastic modulus across the slab can slightly vary due to differences
in maturity (Equation 4-18). Since the moisture distribution across the slab is assumed constant
(Figure 4-10(a)), the same drying shrinkage (εsh = εsh,8) can be used to compute the axial stress
(σax) considering an average elastic modulus (Eavg) across the slab, the axial tensile force (Fax) and
thereby the frictional force (Fsh) (Equation 4-19).
∆𝜎8 = 𝜎𝑓,8 − 𝜎𝐼𝐼𝐼,8 = 𝐸8 𝜀𝑠ℎ,8
As 𝜀𝑠ℎ, = 𝜀𝑠ℎ,8 ; 𝜎𝑎𝑥 = 𝐸𝑎𝑣𝑔 𝜀𝑠ℎ =

Equation 4-18
𝐹𝑎𝑥
𝐴𝑐𝑠

Equation 4-19

The computed drying shrinkage and friction force applied at the bottom surface of the slab
are shown in Figure 4-10(c). The increase in friction force during the first few hours indicates
increased shrinkage effects due to moisture loss and thereafter this effect gradually decreased. The
calculated drying shrinkage strains based on Equation 4-18 were less than 5 x 10-5 and were in the
same order of magnitude as the drying shrinkage values assumed in concrete pavement design
which are in the range of 0.5 to 2.5 x 10-4 [142].
The stress predicted in step IV, based on calculated time dependent drying shrinkage strain,
(Figure 4-10(c)) and using a drying shrinkage strain of 0.5 x 10-4 throughout the analysis are shown
in Figure 4-11(a) and (b), respectively. These analyses were performed for the first 24 hours since
the moisture migration effect was predominant only during the initial period. It is seen that the
field stress is slightly underestimated in Figure 4-11(a). This deviation may have been influenced
by the discrepancies in modeling other phenomena such as heat of hydration, creep/relaxation
effects etc. considered in the previous steps that would affect σIII,8 in Equation 4-18. In Fig 4-11(b),
it can be seen that the predicted stress is slightly lower during the first 8 h while the field stress is
overestimated afterwards. Therefore, it indicates that a better stress prediction could be obtained
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if the drying shrinkage strain varies with time and that the drying shrinkage strain after 8 h should
be lower than the strain before 8 h. Moreover, it is noteworthy that the shrinkage considered here
was only the drying shrinkage, due to external drying or moisture migration to the base, as the
autogenous shrinkage was already considered in step III – the early age concrete model.
Moisture profiles
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Figure 4-10: Step IV- (a) assumed moisture distribution across the slab depth (b) free body
diagram of applied friction force to simulate external drying shrinkage (c) calculated time
dependent variation of external friction force and drying shrinkage (Note: 1 kN = 225 lb; 1 m2 =
10.8 ft2)
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Figure 4-11: Predicted stress at step IV – early-age concrete with (a) calculated time dependent
drying shrinkage from Figure 4-10(c), and (b) drying shrinkage strain of 0.5 x 10-4 throughout
the analysis (Note: 1 MPa = 145 psi)
4.3.1.6 Determination of Cracking Risks
In addition to the predicted stress variation at the stressmeter location, the stress
distributions obtained at mid-plane of the slab from step III (without external drying) and step IV
(with external drying) analyses at 2 h and 9 h are presented in Figure 4-12. Although the step III
analysis showed compressive stresses at the stressmeter location during the first 20 h, tensile
stresses can be seen toward the bottom of slab at 2 h possibly due to downward curling caused by
a positive thermal gradient induced by initial temperature rise. However, after a few hours,
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compressive stresses are observed in the same region (at 9 h), while the slab top experiences
tension possibly due to moderate upward curling caused by a negative thermal gradient during
cement hydration deceleration. This may result in cracks toward the slab bottom, which would
close up and heal subsequently. Unlike in step III, at 2 h a larger region of the slab experiences
tension in step IV and the magnitude of the tensile stresses are higher. Compressive stresses can
be seen in a smaller region toward the slab top. This can be attributed to moderate downward
curling due to the combined effect of bending and increased axial tensile stresses in the slab
resulting from the increased shrinkage caused by the moisture loss. This may increase the cracking
risk in the slab, especially toward the bottom, as the concrete continues to harden. However, in the
same region at 9 h, this effect is seen to be diminished. Nevertheless, it is important to note the
tensile stresses which are induced closer to the edges at 9 h in both steps probably due to
contraction during the hydration deceleration period. This may result in micro-cracks.
The crack index, or tensile strength-to-stress ratio, is an appropriate indicator of cracking
risks with lower values of the crack index indicating higher cracking risks. Figure 4-13(a)
illustrates the crack indices (< 10) obtained from the FE analysis at various depths in the middle
of the slab, when external drying effect was not considered (step III). During the first 2 h, a higher
likelihood of cracking can be observed in Figure 4-13(a) toward the bottom of the slab. However,
after 2 h, the slab top experiences higher cracking risks. On the other hand, Figure 4-13(b)
illustrates the crack index values (< 10) obtained in step IV (considering external drying effect), at
various depths, in the middle of the slab. Unlike in step III, higher cracking risks can be observed
at all depths, indicating the effect of increased shrinkage. Initially, the cracking risks are higher
close to the slab bottom: however, later on, a higher likelihood of cracking is seen toward the slab
top.
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(a) At 2 h – step III

(b) At 9 h – step III

(c) At 2 h – step IV

(d) At 9 h – step IV

Figure 4-12: Predicted stress distribution at mid-plane of the slab (a) at 2 h (step III) and (b) 9 h
(step III) (c) at 2 h (step IV) and (b) 9 h (step IV) – stress in kPa (Note: 1 kPa = 0.145 psi)
As it is seen from the verification of FE predictions in steps II - IV, initial stress
development in the field slab is governed by heat of hydration, viscoelastic characteristics and
moisture migration as assumed in the step-wise analysis. Furthermore, it is also likely that the
moisture migration effect is more prominent than the thermal effects associated with heat of
hydration during the initial period (step IV) when the concrete is at plastic stage. Therefore, to
overcome this issue it can be recommended to moisten the base prior to concrete placement. It is
noteworthy that the field investigation and FE analyses were performed considering an individual
concrete slab, but during full-depth replacement, the slab is linked to the adjacent JPCP slabs using
dowel bars. This may introduce an additional restraint to volume changes, curling and/or warping,
thus further increasing the cracking risks.
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Figure 4-13: Predicted crack indices in the middle of the slab at different depths (a) step III –
without external drying (b) step IV – with external drying
4.3.2 Application of the Modeling Approach
In the same sequence that the above FE modeling procedure was composed, from analysis
in several individual steps to explain the field results, it can also be adapted as a tool to evaluate
the performance of different concrete mixtures before concrete slab placement in the field. FE
analyses similar to those incorporated particularly in steps III and IV can be utilized in such
circumstances. The input information for the proposed FE modeling method is summarized in the
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flow chart shown in Figure 4-14. The input parameters required for FE modeling can be determined
as follows:
▪

Heat capacity, conductivity coefficient, convection coefficient, emissivity coefficient – can be
determined either experimentally or from the literature

▪

Boundary temperature - based on diurnal and nocturnal temperature variation data (If this data
is not available, invariant boundary temperatures can be considered)

▪

Initial temperature - measure the temperature of the concrete mixture just after mixing in the
laboratory

▪

Autogenous shrinkage – can be calculated using Equations 4-6 and 4-7 or determined from
laboratory experiments

▪

Adiabatic temperature, activation energy, CTE, density, Poisson ratio, equivalent age
dependent elastic modulus and tensile strength – can be determined from laboratory
experiments as stated previously

▪

Creep coefficient – can be obtained from the secondary FE analysis for RCF as explained;
consider p and d power parameters for DPL can be obtained from literature (p = 0.3, d = 0.35)

▪

Frictional force that models the effect from moisture migration to the base – can be calculated
using Equation 4-19 (drying shrinkage can be acquired either from literature or from laboratory
tests)

▪

Interface properties (stiffness modulus, friction coefficient and cohesion) – can be acquired
from literature or experimentally, based on the surface texture of the slab-base interface.
Hence, the temperature and stress distribution of a HES concrete pavement slab can be

obtained as the outputs from the FE analysis. The distribution of crack indices would indicate the
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areas of high cracking risks in a slab. Moreover, the time dependence of the same output
parameters can also be determined from the FE analysis.
In order to validate the proposed modeling approach, it was implemented on a rapid repair
concrete mixture, with a lower paste content (cement content reduced to 415 kg/m3 (700 lb/yd3))
at the same w/c ratio as the control mixture. The temperature and stress (with and without external
drying effect) predicted at the same location (0.2 m (0.8 in.) from the bottom) in the pavement slab
was compared to those predicted for control field slab are shown in Figure 4-15. As expected,
modeling indicated the effect of reduced cement content as it showed a noticeable decrease in the
initial temperature and stress variation. For the stress analysis with external drying, friction force
was computed considering the time dependent drying shrinkage strain (Figure 4-10(c)) used in the
previous analysis for the control slab, as the drying shrinkage data for this paste reduced mix is
unavailable. It is noteworthy that after about 12 h, this mix indicates higher tensile stresses
compared to that of the control. This may have been influenced by the discrepancies in drying
shrinkage strain values assumed in the paste reduced mix. Nevertheless, the noticeable difference
observed in the predicted temperature and stress variations between the control and the paste
reduced mix indicates that the proposed FE modeling method can account for the differences in
HES concrete mixture properties.
Moreover, FE modeling can also be used to perform parameter sensitivity analyses. Hence,
the effect of replacement slab thickness/length ratio on cracking risks were analyzed. To this end,
length and thickness of the slab were varied while maintaining a constant width (Table 4-2).
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Figure 4-14: FE modeling method summarized in a flow chart
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Figure 4-15: Predicted (a) temperature (b) stress - without external drying (c) stress - with
external drying for a slab with paste reduced mix compared to the control (Note: 1 MPa = 145
psi; °F = 1.8°C + 32)
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Table 4-2: Slab dimensions used in the analysis
Width - m(ft)

Length - m(ft)

Thickness - m(in)

Thickness - m(ft)/ Length m(ft)

4.6 (15)

3.7 (12)

0.2 (8)

0.056

4.6 (15)

3.7 (12)

0.25 (10)

0.069

4.6 (15)

3.7 (12)

0.3 (12)

0.083

4.6 (15)

2.7 (9)

0.3 (12)

0.111

4.6 (15)

1.8 (6)

0.3 (12)

0.167

The minimum cracking indices obtained at top, middle and bottom of mid-plane of the slab
with varying thickness/length ratio during the first 24 h are presented in Figure 4-16(a) and (b). A
drying shrinkage strain of 0.5 x 10-4 was used throughout these analyses. Lower cracking indices
indicate higher likelihood of cracking. As it appears the cracking risks are the highest toward the
slab bottom followed by slab top irrespective of the slab dimensions. This may have resulted due
to upward and downward curling of the slab. Additionally, lower thickness/length ratios result in
higher cracking risks at all levels as indicated by lower cracking indices. Moreover, the change in
thickness of the slab while maintaining constant length and width has substantial effect on the
cracking risks (Figure 4-16(a)); the lower the thickness, the higher the cracking risks. However,
the slab thickness has negligible effects on cracking risks toward the slab bottom. Conversely, the
change in length of the slab while maintaining constant thickness and width would not have
significant effects on cracking (Figure 4-16(b)), since the minimum cracking indices are
approximately the same, at each level (slab top, middle and bottom).
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4.4

Conclusions
Finite element analyses of HES repair slabs at early-age were performed to understand the

effects of physical phenomena leading to cracking, their variation within a slab and also to propose
a modeling approach to evaluate HES concrete mixture performance. The behavior of HES during
(1) later–age (2) hydration (3) creep and relaxation and (4) external drying shrinkage was modeled
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within logically separated steps. Based on the numerical predictions and experimental verification,
the following primary conclusions can be drawn.
Initial tensile stress observed in the field slab above the horizontal mid-plane of the slab,
cannot be attributed solely to the temperature gradient resulting in the field due to hydration and
ambient effects, but also to the effect of moisture transport and consequent drying. It was modeled
reasonably well by applying an appropriate frictional force between the slab and the base.
However, tensile stresses toward the slab bottom were induced by downward curling, owing only
to the hydration and ambient effects, indicating higher cracking risks in that region during the first
few hours. Subsequently, the same region exhibited compressive stresses caused by upward
curling due to cement hydration deceleration, inducing tensile stresses and thereby higher cracking
risks toward the slab top. This effect was escalated during drying; the magnitude of tensile stresses
increased and propagated toward the slab top, indicating higher cracking risks due to increased
shrinkage. Certainly, the cracking risks in repair slabs may further increase due to the additional
restraint provided by the dowel bars during full-depth repairs in JPCPs. Hence, attention should
be paid to concrete mixture design, material selection and construction methods, to minimize
cracking potential in these slabs.
The proposed modeling approach was applied to assess a concrete mixture with a lower
paste content and the predicted temperature and stress results clearly indicated the effectiveness of
the proposed modeling method in evaluating concrete mixtures prior to field trials. Therefore, if
the required input parameters are determined, the new modeling method can aid in prior evaluation
of the concrete mixtures and hence improve the current rigid pavement maintenance practices and
minimize costly field trials. Moreover, the parameter sensitivity study of replacement slab
dimensions indicated that lower thickness/length ratios results in higher cracking risks.
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Additionally, it also indicated that the variability in slab thickness has substantial effect on
cracking potential.
Finally, the stress distribution at the mid-plane obtained from the FE analyses indicated
variation at the stressmeter location in the vertical direction. Therefore, the stressmeter used in the
field experimental program captures the average stress state in a circular area of its diameter
although it is typically centered at a specific location. Therefore, the size of the stressmeter
recommended for use in similar applications such as slabs or thin walls etc. must be adequately
small. However, this effect would be insignificant for a larger concrete structure with less acute
stress variations within the area occupied by the stressmeter.
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Chapter 5:

Effect of Cracking Mitigation Measures on Performance of
High Early-Strength Concrete at Later Age

5.1

Introduction
High early-strength (HES) concrete mixtures are used as rapid repair materials for full

depth replacement in jointed plain concrete pavements (JPCPs). Typically, these mixtures utilize
high cement content and low w/c ratios in order to achieve high strengths at early age. However,
it was reported that JPCP repair slabs experience cracking due to high temperature rise and
increased autogenous shrinkage [2], with both factors enhanced by high cementitious content and
low w/cm ratio.
In the recent past, an investigation was carried out to identify and evaluate multiple
cracking mitigating strategies for HES concrete as explained in the previous chapters. These
mitigating measures were: paste content reduction, incorporation of prewetted lightweight
aggregate (LWA), inclusion of shrinkage-reducing admixture (SRA), addition of fiber and use of
base friction-reducing mediums (double layers of polyethylene and geotextile). Field and
laboratory experiments were performed to assess the effect of these crack control methods at earlyage. The findings indicated that initial stress development, above the horizontal mid-plane in field
slabs, was affected by base moisture absorption. The above mitigating methods aided in controlling
the moisture loss to the base in different ways. The primary focus of this part of the dissertation is
to further analyze the behavior of the same cracking mitigating measures on concrete performance
at longer ages.
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5.2

Materials and Methods
Eight concrete slabs with dimensions 3.7 m x 4.6 m x 0.3 m were cast in the field to

examine each cracking mitigating strategy. The concrete mixture designs are listed in Table 5-1.
More details on the mixture designs can be found in chapters 2 and 3. Geokon Model 4370 concrete
stressmeter which was based on vibrating-wire gauge technology was placed at the center of each
slab at 0.2 m from the bottom to record the stress development. The stressmeter also included a
thermistor which recorded the temperature evolution. Moreover, Type T thermocouples were also
installed at the center of the slab at different depths; 0.025 m, 0.15 m, and 0.28 m from the ground.
The temperature and stress readings were collected from the time the concrete was placed. Detailed
explanation on the field instrumentation can be found in chapter 2 [6]. In the first day, slabs with
paste reduced mix, paste reduced mix at w/c=0.34, geotextile layer and double layers of
polyethylene sheets were placed, while rest of the slabs (control, LWA, SRA and polypropylene
fiber) were placed the next day. The slabs with geotextile layer and double layers of polyethylene
sheets used the paste reduced concrete mix at w/c=0.34. The temperature and stress variation
recorded in the slabs, for a period of 10 days, after 50 days of placement were considered in this
analysis. Concrete cylinders of 100 mm x 200 mm (4 in x 8 in) were also cast during slab placement
to determine the mechanical properties of different mixtures. Compressive strength, splitting
tensile strength and elastic modulus of these mixtures determined at the age of 28 days in
accordance with ASTM C39[85], ASTM C496[48] and ASTM C469[49] respectively are reported
in this study.
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Table 5-1: Concrete mixture design – per 1 m3 (per 1yd3)
Mix ID
Control

Paste
reduced

Paste
reduced
(w/c=0.3
4)

LWA

SRA

Fiber

534 (900)

415 (700)

415 (700)

534
(900)

534
(900)

534
(900)

997
(1680)

682
(1150)

700
(1180)

997
(1680)

997
(1680)

997
(1680)

0

409 (690)

421 (710)

0

0

0

Fine Aggregate (SSD) –
kg (lbs)

492 (829)

610
(1028)

625
(1054)

326
(549)

501
(844)

491
(827)

LWA (SSD) – kg (lbs)

0

0

0

97
(163)

0

0

193 (325)

150 (252)

131 (221)

193
(325)

189
(319)

193
(325)

0

948
(24.5)

1,354
(35.00)

0

0

0

Type E Accelerator – ml
(fl.oz)

14,853
(384.0)

11,554
(298.7)

11,554
(298.7)

14,853
(384.0)

14,853
(384.0)

14,853
(384.0)

Air Entrainer – ml (fl.oz)

37 (1.0)

37 (1.0)

37 (1.0)

37 (1.0)

37 (1.0)

37 (1.0)

874
(22.6)

696
(18.0)

696
(18.0)

874
(22.6)

909
(23.5)

874
(22.6)

SRA – l (gallons)

0

0

0

2.8
(0.75)

0.0

Fiber – kg (lbs)

0

0

0

0

0

0.5

0.384

0.384

0.34

0.384

0.384

0.384

Materials
Cement – kg (lbs)
Coarse Aggregate #57
limestone (SSD) – kg
(lbs)
Intermediate Aggregate
#89 limestone (SSD) – kg
(lbs)

Water – kg (lbs)
Type F HRWRA – ml
(fl.oz)

Type D water-reducing
admixture – ml (fl.oz)

w/c

0
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5.3

Results and Discussion

5.3.1 Mechanical Properties
Table 5-2 indicates the mechanical properties of the six concrete mixtures at 28 days as the
focus of this study was the slab behavior at the hardened stage. As stated before, paste reduced
mix at w/c=0.34 was also utilized in the slabs with geotextile layer and double layers of
polyethylene sheets. As it appears, the results were similar to that of control mix. All the mixtures
have surpassed the splitting tensile strength of control mix, the compressive strength and elastic
modulus of some of the mixtures were lower than those of control. Both paste reduced mixtures
showed higher compressive strengths and tensile strengths indicating that even with low paste
contents high strengths can be achieved. The paste reduced mix with lower w/c ratio attained the
highest compressive strength, tensile strength and elastic modulus owing to the reduced porosity
in the mix. Both LWA mix and fiber mix have shown slightly lower compressive strengths and
elastic moduli compared to those of control mix. LWA is known to decrease the rigidity of the mix
due to its lower density. On the other hand, the SRA mix showed slightly higher compressive
strength and similar elastic modulus. It was reported that addition of SRA reduced the concrete
compressive strengths at early ages, however, this effect was minimum at later ages [105].
Table 5-2: Mechanical properties at 28 days

Compressive
strength (MPa)
Splitting tensile
strength (MPa)
Elastic modulus
(GPa)

Control

Paste
reduced

Paste reduced
(w/c=0.34)

LWA

SRA

Fiber

53.1

55.1

58.1

52.9

54.3

51.4

4.0

4.9

5.1

4.3

4.2

4.2

34.1

32.3

35.7

30.0

34.1

30.2
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5.3.2 Temperature and Stress Variation
In Figure 5-1 (a) through (e) demonstrate the temperature profiles obtained at 0.025 m,
0.15 m, and 0.28 m from the ground in slabs with paste reduced mix, paste reduced mix at
w/c=0.34, LWA mix, SRA mix and fiber mix compared to those of control mix. Figure 5-1 (f) and
(g) illustrate the temperature profiles at the same depths of slabs with geotextile layer and double
layers of polyethylene sheets compared to those of slab with no base friction reducing medium
(paste reduced mix at w/c=0.34). The temperature profiles at 0.15 m in the control slab and 0.025
m in the slab with geotextile layer were not recorded as the respective thermocouples had stopped
functioning. The temperature variation within the slab at the hardened stage is governed by the
diurnal and nocturnal temperature patterns. Hence, the temperature of all the slabs were
approximately similar. The notable difference observed in temperatures at 58 and 59 days in the
slabs with reduced paste content at w/c= 0.38 and 0.34, geotextile layer, and double layers of
polyethylene sheets compared to that of control slab were only due to the difference in the
placement days; control slab was placed a day later than these slabs. The ambient temperature has
decreased during these days. This clearly indicates the influence of ambient conditions on the slab
temperature.
The temperature recorded at the stressmeter location for all slabs except for the control are
shown in Figure 5-2. The thermistor in the control slab had stopped functioning properly at the
hardened stage. Despite the similar temperatures, the stress recorded in these slabs at this age
indicated notable differences. Figure 5-3 through Figure 5-5 illustrates the stress development in
slabs corresponding to each cracking mitigating strategy compared to that of control.
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Figure 5-1-i: Temperature recorded at 0.025 m, 0.15 m, and 0.28 m from the ground in slabs
with (a) paste reduced mix (b) paste reduced mix (w/c=0.34) (c) LWA mix
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Figure 5-1-ii: Temperature recorded at 0.025 m, 0.15 m, and 0.28 m from the ground in slabs
with (d) SRA mix (e) fiber mix (f) geotextile
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Figure 5-1-iii: Temperature recorded at 0.025 m, 0.15 m, and 0.28 m from the ground in slabs
with (g) double layers of polyethylene sheets
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Figure 5-2: Temperature recorded in the slabs at stressmeter location
As it appears in Figure 5-2, paste reduced mixes showed significantly lower stresses
throughout compared to that of the control. For the most part, these stresses were in the
compression range. Among the paste reduced mixes, the mix with a w/c ratio of 0.34 indicated
slightly higher stresses, but those were still lower than that of control. This could be attributed to
the difference in the rigidity of the two mixtures; mix with the lower w/c ratio may have resulted
in a lower porosity and denser concrete. However, at early age, the difference between the stresses
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in the latter and the control slab were minimal owing to an increased autogenous shrinkage due to
the low w/c ratio.
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Figure 5-3: Stress development in slabs with control mix, paste reduced mix and paste reduced
mix (w/c=0.34) after 50 days
The stress development in the slab with LWA mix is shown in Figure 5-4. It has shown
slightly higher stresses compared to that of control slab. Typically, incorporation of LWA is known
to reduce CTE as well as the rigidity of concrete, which could result in lower stresses [74],
Although the CTE (chapter 3) and rigidity of the LWA mix used in this study were lower compared
to those of control mix, the observed stresses were higher. This difference in stresses may have
been influenced by the built-in curling which is the curling state that develops at set [1]. As
reported in previous chapters, prewetted LWA were able to reduce the induced tensile stresses
during the first few hours after placement; LWA may have released water and to some extent may
have compensated for the moisture lost to the base.
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Figure 5-4: Stress development in slabs with control mix and LWA mix after 50 days
The stress variation captured in the slab with SRA is shown in Figure 5-5. Similar to the
slab with LWA, slab with SRA has also shown slightly higher stresses compared to that of the
control slab. This behavior was similar to that at early age in the same slab, which showed
consistently higher tensile stresses. It is likely that the slab may have experienced upward curling
and warping at set, due to a positive thermal gradient and drying shrinkage. This may have resulted
in tensile stresses throughout.
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Figure 5-5: Stress development in slabs with control mix and SRA mix after 50 days
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Figure 5-6 illustrates the stresses in the slab with fiber. The stress variation was
approximately similar to that of control. Clearly, the inclusion of fiber did not have any effect on
stress development at later age, most likely due to the lower volume of fiber used in this mix.
Typically, polypropylene fibers are used to control shrinkage cracking [108], [114].
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Figure 5-6: Stress development in slabs with control mix and fiber mix after 50 days
Figure 5-7 illustrates the effect of a base friction-reducing medium on stress development
at the hardened stage. Although the double layers of polyethylene contributed in reducing tensile
stresses during the first few hours, at later ages, this effect was insignificant; the stresses were
slightly higher than that of the slab without any bond breaker. This could be either due to the
inability of the polyethylene sheets to reduce the friction in the slab-base interface or due to curling
and gravity effects. On the other hand, geotextile has shown positive effect on minimizing tensile
stresses at the hardened stage, unlike in the early age. If the geotextile is pre-wetted prior to slab
placement to avoid moisture absorption from concrete at early age, perhaps use of geotextile at the
slab-base interface would be a promising cracking mitigating measure. Use of geotextile as a bond
breaker in concrete pavement slab-base interface and its effectiveness in minimizing cracking risks
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have been reported by several researchers [28], [34], [143]. In addition to preventing bonding
between the slab bottom surface and base layer, geotextile is reported to act as a bedding which
would reduce both bearing stresses and the effects of dynamic traffic loads. Moreover, it would
function as a drainage layer which reduces the water infiltration to the supporting layers [143].
However, Garber and Rasmussen [143], have stated that moistening of the geotextile layer prior
to placement may not be necessary, which is in disagreement with the findings of the current study.
Though, it may not require to pre-wet the geotextile based on the later age slab behavior, it is
crucial to place a moistened geotextile to prevent moisture absorption from concrete as indicated
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Figure 5-7: Stress development in slabs with no friction reducing medium, geotextile layer and
double layers of polyethylene sheets after 50 days
As it appears, the induced stresses at later age were influenced by the built-in curling of
slabs. Additionally, concrete material properties which varies based on the concrete mixture
design, such as the coefficient of thermal expansion (CTE), drying shrinkage, creep and elastic
modulus also may have affected the stress development. Moreover, the degree of restraint to slab
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deformation which depends on slab self-weight, friction at the slab-base interface also may have
contributed to the differences in stresses [144].
5.4

Conclusions
This study investigated the behavior of several early-age cracking mitigating measures

utilized for HES concrete repair slabs, at the hardened stage. Based on the investigation following
conclusions can be drawn.
1. The paste reduced mixes showed enhanced tensile strengths and lower tensile stresses
compared to the control mix, even at longer hydration times, proving their effectiveness for
long term use.
2. Inclusion of pre-wetted LWA, SRA and fiber had minimal effects on the later age field stresses;
LWA and SRA indicated slightly higher stresses compared to that of control slab.
3. Effectiveness of double layers of polyethylene sheets on reducing tensile stresses is
insignificant at the later age. Similar to early age, this is either because the bond breaking
ability of polyethylene was low or due to curling and gravity effects in the slab.
4. Geotextile acted as a bond breaker between the slab and the base and showed a significant
reduction in tensile stresses at the hardened stage. If the geotextile is moistened prior to slab
placement to avoid moisture absorption from concrete at early age and prevent initial tensile
stress development, use of geotextile at the slab-base interface would be a promising cracking
mitigating measure, which is even effective for long term use.
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Chapter 6:
6.1

Shrinkage Induced Cracking Risks in Blended Concrete

Introduction
Supplementary cementitious materials (SCMs) such as fly ash, ground granulated blast

furnace slag, metakaolin and silica fume are incorporated in concrete to improve its strength and
durability performance [145]. Despite the vast number of benefits offered by these SCMs for
concrete structures, use of some SCMs can have certain adverse effects on concrete performance
and induce cracking based on their application. This part of the dissertation is focusing on two
such SCMs, slag and metakaolin and their effects on concrete autogenous shrinkage.
Ground granulated blast furnace slag (slag) is widely used as a SCM in concrete to enhance
durability performance. Typically, slag incorporation is expected to lower the heat of hydration
and thereby reduce temperature rise in concrete and minimize early-age cracking risks [146].
Lower temperatures are desirable, especially in mass concrete such as dams, footings, and bridge
piles, because restrained volume changes during or after high temperatures can cause cracking in
concrete. Moreover, slag is known to improve sulfate and chloride resistance decreasing the
concrete permeability due to their effect on pore network refinement and reduced porosity [104],
[147]. Slag blended concrete mixtures are also used in concrete pavements to improve workability
in the plastic stage and increase strength and reduce permeability in the hardened stage [148],
[149]. Typical slag substitution levels in concrete pavements vary between 25% to 35% [150]. Due
to the slower rate of hardening, inclusion of slag delays the time to reach traffic opening strength
by 1 to 2 days; increasing slag replacement level upto 50% further delays this time by 3 to 4 days
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[151]. Despite, grade 120 slag with 50% substitution level was reported as a viable option for use
in highway pavement design [151]. However, it was also reported in literature about the possibility
of increased concrete shrinkage when SCMS such as slag, metakaolin and silica fume are used, as
a result of the refined pore structure [152], [153]. Hence, section 6.2 details the effect of varying
slag compositions on pore structure and autogenous shrinkage.
Metakaolin (MK) is another SCM used in concrete to improve its performance. It is
produced by subjecting high kaolin clay to heat treatment (calcination) between 500-800 °C. MK
consists of high amounts of silica and alumina and is generally used in concrete to obtain high
early strengths and reduced permeability through lime consumption in applications such as bridgedecks and pavements [154], [155]. Typically, MK is incorporated in concrete at replacement levels
varying between 5 to 20%. The enhanced early age strength in OPC-MK blends is associated with
the increased rate of hydration due to its high fineness, the reactivity of aluminate phases and filler
effect which provides nucleation sites [156]. Therefore, MK blended concrete is a potential
mixture when early opening of concrete pavements to the traffic is required. Justice [157] stated
that a substitution level of 8% should not only increase the early strength but also provide adequate
resistance against corrosion, alkali-silica reaction and sulfate attack. Subsequently, it was
suggested to use MK concrete for pavement construction to minimize delays to the traffic.
However, the MK blended systems had indicated increased chemical and autogenous shrinkage,
which may lead to cracking problems. Hence, appropriate measures have to be taken to minimize
the cracking risks associated with these mixtures as discussed in section 6.3.

114

6.2

Influence of Slag Composition on Paste Porosity and Autogenous Shrinkage3
Slag blended concrete is reported to achieve increased strengths at later ages, due to the

formation of additional hydration products and subsequent reduction in porosity [158], [159].
Although slag is expected to improve concrete performance in general, varying slag chemical
compositions and physical characteristics may cause negative effects on concrete performance and
durability [7], [160]. The reactivity of slag is affected by its main chemical oxides CaO, SiO2,
Al2O3 and MgO. In general, an increase in CaO/SiO2 is considered to result in increasing slag
reactivity [161]. Hence, the differences in slag chemistry may exhibit changes in the pore structure
as well.
While several researchers have investigated the effect of slag addition on concrete cracking
potential, their focus was mostly on the effect of cement replacement level with slag on concrete
cracking potential [162]–[164]. Wei and Hansen [163] investigated the effect of cement
replacement by slag at 30% and 50% on cracking risks using a rigid cracking frame (RCF)
experiment. The Al2O3 and MgO content and CaO/SiO2 ratio of the slag used in this study were
7.77%, 10.69% and 1.01 respectively. It had a Blaine fineness of 602 m2/kg. It was reported that
cracking was delayed in 50% slag concrete compared to that of OPC concrete. However, unlike in
the OPC mix where cracking occurred due to thermal stresses, in the slag concrete mixture,
cracking was caused by increased autogenous shrinkage. This is possibly due to an increase in
pores below 50 nm with the addition of slag. Li et al. [153] stated that pore volume in 5-50 nm
pore range influences autogenous shrinkage.

3

Some figures, tables and text from section 6.3 have been published previously in vol. 164, pp. 820–829 in
Construction and Building Materials Journal [7]. Permission is included in Appendix A.
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A study was initiated recently to investigate the effect of varying Al2O3 and MgO contents
of slags on concrete cracking potential, using the rigid cracking frame (RCF) experiment [7].
Among the slags studied here, slag 1 exhibited the lowest cracking potential while slag 3 indicated
the highest cracking risks. In addition to the temperature rise in these slag-cement systems,
autogenous shrinkage also has contributed to cracking. This section of the dissertation is limited
to studying the pore structure development of systems with slag 1 and slag 3, and their effect on
autogenous shrinkage.
6.2.1 Materials and Methods
Two slags identified as slag 1 and slag 3 with an ordinary portland cement (OPC, Cement
A)) were used. Cement A is a Type II (MH) cement. The Al2O3 contents of slag 1 and slag 3 were
approximately 8% and 14%, respectively. The chemical oxide composition of the cement and slags
determined using X-ray fluorescence spectroscopy (XRF) in accordance with ASTM C114 [165]
are shown in Table 6-1.
The mineralogical composition of the as-received cement and slags were determined using
X-ray diffraction (XRD) as indicated in Table 6-2. A Phillips X’Pert PW3040 Pro diffractometer
equipped with an X’Celerator Scientific detector and a Cu-Ka X-ray source was used to conduct
testing. The Rietveld refinement functionality of the Panalytical HighScore Plus 4.5 software was
used to perform phase quantification. The external standard method was used to determine the
amorphous/unidentified content calculating the mass absorption coefficient (MAC) values for
cement and slags based on their chemical oxide compositions. Corundum (Standard Reference
Material 676a) from National Institute of Standards and Technology (NIST) with a MAC of
30.91cm2/g was used as the standard.
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Blaine fineness of the as-received cement and slags were determined in accordance with
ASTM C204 [167]. Although Blaine air permeability test is rapid and simple to perform, the
method has reported drawbacks [168], [169], especially when determining fineness of materials
other than cement. Therefore, particle size distribution of the cement and slags were also
determined using the LA-950 laser scattering particle size analyzer manufactured by HORIBA
Instruments. Density of the materials were determined in accordance with ASTM C188[170].
Blaine fineness and particle size analysis resulted are listed in Table 6-3. As it appears, Slag 1 has
a higher fineness than Slag 3. Typically, slags with low alumina are ground to a higher fineness to
enhance slag reactivity.
Table 6-1: Chemical oxide composition of as-received cement and slags [7], [166]
Analyte

Cement A

Slag 1

Slag 3

SiO2
Al2O3
Fe2O3
CaO
MgO
Total SO3
Sulfide Sulfur (S) (slag)
Sulfate Sulfur (as SO3) (slag)
Na2O
K2O
TiO2
P2O5
Mn2O3
SrO
Cr2O3
ZnO
BaO
L.O.I. (950°C)
Corrected L.O.I (950˚C)
Total
Na2Oeq

21.2
5.15
3.61
63.91
0.7
2.59
0.14
0.31
0.29
0.15
0.03
0.06
0.02
0.06
1.66
99.89
0.35

38.59
8.09
0.51
38.11
10.83
2.21
0.89
-0.02
0.3
0.38
0.37
<0.01
0.59
0.05
<0.01
<0.01
0.03
-0.17
1.15
99.89
0.55

35.44
14.25
0.45
41.06
5.25
1.99
0.67
0.31
0.2
0.3
0.5
0.01
0.22
0.05
<0.01
<0.01
0.07
0.05
1.06
99.84
0.4
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Table 6-2: Mineralogical composition of as-received cement and slags [7], [166]
Phase

Cement A

Phase

Slag 1

Slag 3

C3 S

48.1

Calcite

0.7

0.6

C2 S

23.1

Melilite

0.5

0.5

C3 A

5.5

Quartz

-

1.5

Ferrite

9.9

Gypsum

-

0.4

Gypsum

2.6

Amorphous/unidentified

98.9

97.0

Hemihydrate

1.5

Calcite

1.2

Syngenite

0.7

Quartz

0.1

Amorphous/unidentified

7.2

Table 6-3: Cement and slag particle size analysis, Blaine fineness and density [7], [166]
Physical Properties
Mean particle size (µm)
Blaine Fineness (m²/kg)
Density (g/cm3)

Cement A
12.26
485
3.15

Slag 1
9.16
642
2.87

Slag 3
11.15
574
2.89

Porosity measurements were conducted on paste samples using both nitrogen adsorptiondesorption (NAD) and mercury intrusion porosimetry (MIP) test methods. Although MIP is able
to measure the interconnected pore sizes larger than about 4 nm [171], it is predominantly used to
study large and medium capillary pores (pore diameter > 50nm). NAD technique is used to
characterize the pore sizes in between 1 nm and about 60 nm [171]. Therefore, NAD can be used
to study the gel pores and small and medium capillary pores. MIP analysis is known for several
limitations. Washburn equation used for the analysis is derived based on the assumption that the
pores are cylindrical. Additionally, intruded volumes are influenced by the ink bottle effect, in
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which a large pore is proceeded by a small pore when intruding mercury. This could exaggerate
the small pore volume and underestimate the large pores [153], [172]. Despite these limitations,
MIP is widely used to analyze the porosity of concrete. Paste samples were prepared based on the
concrete mixture design listed in Table 6-4 at a constant water-to-binder (w/b) ratio of 0.385 with
60% cement replacement with slag. Although this replacement level is slightly higher than what
is typically used in concrete pavements, it is still useful in differentiating the influence from slags
with different chemical compositions. The samples were mixed by hand for 5 min, sealed and
placed in a variable temperature bath for curing. The imposed temperature profiles, were obtained
from conducting semi-adiabatic calorimetry for each concrete mixture [7] (Figure 6-1). In the
original study [7], semi-adiabatic temperature profiles were imposed on the RCF, as cooling is
required to induce cracking. Semi-adiabatic calorimetry measurements were performed according
to the guidelines provided by RILEM [173]. Evidently, there is a notable difference between the
maximum temperatures of the two slag mixtures, which could be attributed to differences in their
reactivity due to differences in their Al2O3 content, Al2O3/MgO ratio and fineness. Slag with high
alumina had a higher maximum temperature.
Paste samples were demolded at the ages of 16, 22.5, 42, 64.4 and 96 h, crushed and sieved
to separate particles in the range of 1 and 3 mm for NAD and the fraction in the range of 2 and 4
mm for MIP. These ages were selected for testing considering the temperature profiles and the
corresponding stress development in the rigid cracking frame (RCF) [7].
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Table 6-4: Concrete mix proportions per 1 m3 [7], [166]
Material

Quantity

Cement (kg)

158

Slag (kg)

237

Coarse aggregate #57 limestone (SSD) (kg)

1047

Fine aggregate (SSD) (kg)

696

HRWR (ml/100kg)

196 / 280

AEA (ml/100kg)

6.5

60
60S1-A

Temperature (°C)

50

60S3-A

40
30
20
10
0
0

12

24

36

48
Age (h)

60

72

84

96

Figure 6-1: Temperature profiles obtained from semi-adiabatic calorimetry for 60S1-A and
60S3-A [7], [166]
In order to perform MIP measurements, sieved fractions in the range of 2-4 mm were ovendried at 105℃ for 24 h. Tests were performed on the dried samples of approximately 1 g.
Poremaster 60 mercury porosimeter manufactured by Quantachrome Instruments was used in both
at a low-pressure range of ~0.2 psi to 50 psi and a high-pressure range of 0-60,000 psi. Cumulative
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intruded pore volumes and the pore size distributions of the two slag-cement systems were
determined using the Washburn equation. The adopted mercury surface tension was 480 mN/m
and the contact angle between the mercury and the solid surface was 140°.
NAD measurements were performed using the Autosorb-1 manufactured by
Quantachrome Instruments. Immediately after demolding, crushed and sieved samples in the
range of 1-3 mm were dried at 105℃ under vacuum for 2-3 h [174] using the built-in outgasser of
Autosorb-1 to remove water from the pores to allow for nitrogen adsorption. After samples were
dried, adsorption and desorption isotherms were obtained. The pore size distributions were
determined based on Barrett, Joyner, Hallenda (BJH) [175] method. The adsorption branch was
considered in the analysis, because it measures the size of the interior of the pores compared to the
desorption branch which measures the pore entry size. Concrete properties are affected by the pore
size, not the size of pore entry, but bottlenecked pores are expected in cement paste. Therefore, the
adsorption branch is less influenced by the pore network compared desorption branch [176], [173].
The specific surface area, which is attributed to the C-S-H [173] was calculated using Brunauer,
Emmett, Teller (BET) method [171].
Autogenous shrinkage occurs due to the consumption of pore water and chemical shrinkage
during hydration. Several mechanisms such as capillary tension and disjoining pressure are
identified in the literature as causes for autogenous shrinkage [177]. Although, the mechanism
ultimately responsible for autogenous shrinkage is still debatable, certainly it is known to be
influenced by the changes in pore structure or C-S-H morphology. Therefore, the mixtures, 60S1A and 60S3-A were evaluated in a free shrinkage frame (FSF), for their deformation under the
same temperature profiles (Figure 6-1). Detailed explanation on FSF can be found in [2], [12]. FSF
is sealed to prevent external drying, therefore the deformation in FSF is only due to thermal effects
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and autogenous shrinkage. The initial measurement of the FSF was taken based on the final setting
time which was determined in accordance with ASTM C403 [47].
6.2.2 Results and Discussion
6.2.2.1 Porosity Measurements with MIP
Figure 6-2 illustrates the pore size distributions of 60S1A and 60S3A paste samples
respectively, at different ages. As expected in both slag mixes, the total intruded pore volume
decreases with age due to the continuous hydration. In fact, the additional formation of hydration
products fills in the capillary space and subdivide the coarser pores to finer pores which may
decrease the total pore volume [152]. The pore diameters corresponding to the peak in the
differential pore size distribution curve denotes the most frequently occurring pore size in the
system. Clearly, this pore diameter decreased with age as indicated by the shift in this peak toward
the left. At 16 h, peak appeared in 100-1000 nm pore range and at 96 h, it was observed in 10-100
nm pore range. As observed from the results, slag 3, which is the high alumina slag has shown a
lower porosity as indicated by the lower intruded volume compared to slag 1 at all ages, which can
be explained as a result of increased rate of reaction of slag 3 due to its higher reactivity. At a
certain age, the higher degree of hydration of slag 3 compared to slag 1, has resulted in a higher
volume of hydration products reducing the capillary pore space.
Two parameters can be obtained from MIP curves, total intruded pore volume and critical
pore diameter, Table 6-5. The total intruded pore volume corresponds to the maximum volume of
mercury intruded on the cumulative intruded volume curve and describes the volume of mercuryentering the accessible interconnected pores in the sample. Higher total intruded pore volume is
indicative of a higher volume of total interconnected pores.
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Figure 6-2-i: Comparison of pore size distributions of 60S1-A and 60S3-A at (a) 16h (b) 22.5h
(c) 42h (from MIP)
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At 64.4 h
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Figure 6-2-ii: Comparison of pore size distributions of 60S1-A and 60S3-A at (d) 64.4h (e) 96h
(from MIP)
Critical pore diameter can also be obtained from the cumulative intruded volume curve and
is defined as the pore size corresponding to the steepest slope, but it is more easily determined
from the differential porosity curve and corresponds to the pore diameter at the highest peak. In
terms of the pore network, critical pore diameter is the most common pore size in the
interconnected pore network. As it appears in Table 6-5, low alumina slag (slag 1) shows a higher
total interconnected porosity at all ages compared to the high alumina slag (slag 3). On the other
hand, the critical pore diameter was larger in slag 1 only until 22.5 h, afterwards the critical pore
diameter of slag 3 was higher compared to slag 1. It is likely during the first few hours slag 3 was
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more reactive due to the high alumina content. However, afterwards, fineness of slag 1 may have
governed its reactivity which refined its pore network.
Table 6-5: Total intruded pore volume and critical pore diameter obtained from MIP
Mix ID

60S1-A

60S3-A

Age (h)

Total intruded
pore volume
(cm3/g)

Critical pore
diameter (nm)

16

0.267

282.6

22.5

0.247

169.0

42

0.189

45.8

64.4

0.176

27.9

96

0.152

24.2

16

0.222

143.6

22.5

0.196

76.5

42

0.162

48.3

64.4

0.145

41.6

96

0.132

43.4

Figure 6-3 illustrates the intruded volumes of large capillaries (> 50 nm), medium
capillaries (10-50 nm) and gel pores (< 10nm) [171]. Typically, the strength of a paste system is
affected by its porosity, but, pores > 50 nm diameter are known to be responsible for permeability
while pores below 50 nm diameter are responsible for concrete shrinkage [171], [178]. According
to the results shown in Figure 6-3, 60S1-A exhibits a higher pore volume in the pore range > 50
nm, which implies a higher permeability. However, with age, this volume decreases and the
volume of the smaller pore range (< 50 nm) increases, as expected. Clearly, the slag with high
alumina has a lower porosity due to the formation of hydration products at a faster rate. Moreover,
the intruded volume in the 10-50 nm pore range is higher in 60S1-A mix, while there is a notable
difference in the intruded volumes of the two slag mixtures in the pores below 10 nm diameter
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with 60S3-A exhibiting a higher volume, which corresponds to higher shrinkage. This implies that
slags with varying chemical compositions would influence concrete shrinkage rate differently.
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Figure 6-3 – Variation of intruded volume of 60S1-A and 60S3-A at different ages
6.2.2.2 Porosity Measurements with NAD
As stated before, MIP predominantly measures large and medium capillaries, but NAD can
measure the gel porosity. Figure 6-4 illustrates the pore size distributions of 60S1A and 60S3A
paste samples respectively, at different ages, obtained from NAD analysis. Although MIP and
NAD measure different pore ranges, pore sizes overlap in the 3.5-40 nm pore range [177]. This
was confirmed through NAD measurements here when comparing 60S1-A and 60S3-A; a trend
similar to that of MIP analysis was observed.
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Figure 6-4-i: Comparison of pore size distributions of 60S1-A and 60S3-A at (a) 16h (b) 42h
(c) 42h (from NAD)
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Figure 6-4-ii: Comparison of pore size distributions of 60S1-A and 60S3-A at (d) 64.4h (e) 96h
(from NAD)
The literature states, several pore size classifications [171]. The CM-II model [179]
identifies two types of C-S-H pores; small gel pores (SGP), the space within the C-S-H particles
(<3 nm) and large gel pores (LGP), space between the C-S-H particles (3-12 nm). Considering
these pore size classifications [171], [179] pore size distributions of the 60S1-A and 60S3-A paste
samples were compared in the following pore ranges as illustrated in Figure 6-5; < 3nm (SGP), 3–
10 nm (LGP) and > 10 nm (fraction of capillary pores measured by N2 sorption). Although the
difference in SGP pore volumes of the two paste systems were small, a significant increase in LGP
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porosity was observed in 60S3-A paste system at all ages, indicating a change in the C-S-H
morphology for slags of different chemical compositions and physical characteristics.
BET method measures the porosity of C-S-H. In the literature [171], it is stated that N2
molecules can enter the pores of low-density (LD) C-S-H and only a small portion of high-density
(HD) C-S-H pores, unlike water vapor which can enter both LD and HD C-S-H. As with the pore
size distribution below 10 nm, the higher BET surface area was observed for 60S3-A paste system
at all ages (Table 6-6). This is expected, because an increase in the LGP pore volume would
increase the BET surface area. According to Jennings et al. [180], ratio of LD/HD C-S-H affects
concrete shrinkage and creep.
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Figure 6-5: Comparison of BJH pore volumes for 60S1-A and 60S3-A
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Table 6-6: BET surface area (m2/g)
Age (h)

16

22.5

42

64.4

96

60S1-A

45.06

73.85

90.55

79.75

68.95

60S3-A

75.10

76.64

103.70

103.50

95.44

Mix ID

6.2.2.3 Relation to Autogenous Shrinkage
Figure 6-6 illustrates the strain recorded in the FSF for 60S1-A and 60S3-A concrete
mixtures, cured under their respective temperature profiles (Figure 6-1). As it appears, 60S3-A
experienced a higher rate of expansion compared to 60S1-A, which was expected due to the higher
temperature rise of the mixture. Since the temperature conditions vary until about 42 h, it is
challenging to separate the thermal deformation and autogenous shrinkage. However, after 42 h,
temperature evolution is similar in both mixtures and therefore the deformation afterwards can be
presumed to be primarily controlled by autogenous shrinkage. According to the Figure 6-6,
beyond 42 h, the shrinkage rate of 60S3-A is higher than that of 60S1-A, implying a higher
autogenous shrinkage which could contribute to higher cracking potential. This is not surprising,
as this behavior correlates well with the porosity results in the pore range < 10 nm after 42 h. The
higher volume of pores below 10 nm in 60S3-A compared to 60S1-A is indicative of the shrinkage
observed in the FSF measurements. Therefore, an increase in the LD/HD ratio may increase
autogenous shrinkage as well [177].
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Figure 6-6: Strain development in the FSF for 60S1-A and 60S3-A concrete [7]
6.2.3 Conclusions
Based on the MIP and NAD measurements, slag chemical composition and physical
characteristics resulted in the evolution of different pore network structure. The low alumina slag
exhibited a higher total porosity due to a lower rate of hydration. However, the pore volume below
10 nm was higher in the high alumina slag. This was in good agreement with the autogenous
deformation after 42 h. It implies that the high alumina slag results in higher autogenous shrinkage
and consequently a higher cracking potential.
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6.3

Estimation of Chemical Shrinkage Coefficient of Metakaolin Using Thermodynamic
Modeling4
Inclusion of MK is known to alter the paste microstructure, especially the chemical

composition of C-S-H, which is the main hydration product and also the phase which is responsible
for concrete strength. Long-term durability of MK concrete is improved as a result of its pozzolanic
nature (calcium hydroxide consumption) and pore size refinement. Although there are numerous
benefits associated with the use of MK in concrete, these mixtures have indicated higher cracking
risks, which is detrimental for concrete structures [156].
As reported by Williams et al. [156], even at 10% MK replacement level, MK blended
concrete have shown high cracking risks compared to plain PC concrete. These mixtures have also
shown increased autogenous shrinkage, which may have also contributed for higher cracking
potential. This behavior can be attributed to the increased rigidity and hydration owing to the
increased temperature rise in MK concrete. Use of pre-soaked lightweight aggregate (LWA) as a
source of internal curing has been gaining popularity in circumstances where shrinkage is a
concern, such as the case with MK concrete [73], [72]. It has proven to be effective in reducing
shrinkage and thereby minimizing cracking risks, especially in concrete with low water-to-binder
ratios (w/b) [72]. Hence, the use of LWA could be beneficial in minimizing cracking risks
associated with higher shrinkage in MK blended concrete. However, when proportioning LWA in
accordance with ASTM C1761 [181], the chemical shrinkage of the cementitious system has to be
taken into account as indicated in Equation 6-1.

4

Some figures, tables and text from section 6.3 have been published previously in Vol. 116, issue no. 4, pp. 99–106
of the ACI Materials Journal [8]. Permission is included in Appendix A.

132

𝑀𝐿𝑊𝐴 =

𝐶𝑓 ∙𝐶𝑠 ∙𝛼𝑚𝑎𝑥
𝑆∙𝑊𝐿𝑊𝐴

Equation 6-1

where 𝑀𝐿𝑊𝐴 is mass of LWA for replacement - OD condition (lb or kg), 𝐶𝑓 is cementitious content
of the mixture (lb/yd3 or kg/m3), 𝐶𝑠 is chemical shrinkage of cementitious materials at 100%
hydration (lb water/lb cementitious or kg water/kg cementitious), 𝑊𝐿𝑊𝐴 is water that can be
released by the LWA (fraction of the oven-dried mass), 𝑆 is the saturation level of the LWA (for
SSD, 𝑆 =1), 𝛼𝑚𝑎𝑥 is maximum degree of hydration expected for systems (for w/c higher than 0.36,
𝛼𝑚𝑎𝑥 = 1)
ASTM C1761 [181] suggests a typical conservative value of 0.07 lb of water/lb of
cementitious (kg water/kg of cementitious) as the chemical shrinkage for PC only mixtures as well
as for PC with SCM mixtures. Typically, the chemical shrinkage of PC-SCM systems is reported
to be higher than that of plain PC systems [181]. Hence, this may not be as effective as it should
be, when LWA is used in MK concrete to provide internal curing. Therefore, a study was initiated
recently to quantify the chemical shrinkage coefficient of metakaolin [8]. In this study, MK
chemical shrinkage coefficient was estimated using dilatometry, chemical shrinkage and
thermodynamic modeling. This section of the dissertation is limited to the determination of
chemical shrinkage coefficient of MK using thermodynamic modeling. To the best of knowledge,
there is only one study [182] in the literature which measured the chemical shrinkage of PC-MK
pastes. This study used MK replacement levels varying between 5% and 25% and w/b ratio of
0.55. Although, Wild et al. [182] measured the chemical shrinkage using dilatometry for a period
of 45 days, no discussion on metakaolin chemical shrinkage coefficient was reported. It was
reported that chemical shrinkage increased between 0% and 15% MK replacement levels and
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decreased above 15% replacement levels. Wild et al. expressed the reaction between MK and CH
as follows:
𝐴𝑆2 (𝑀𝐾) + 3.5𝐶𝐻 + 6𝐻 → 𝐶2 𝐴𝑆𝐻8 + 0.5𝐶3 𝑆2 𝐻3

Equation 6-2

𝐴𝑆2 (𝑀𝐾) + 7𝐶𝐻 + 9𝐻 → 𝐶4 𝐴𝑆𝐻13 + 𝐶3 𝑆2 𝐻3

Equation 6-3

It was reported that hydration products form in PC-MK systems are dependent on cement
replacement level. Therefore, at high replacement levels of MK, C2ASH8 (stratlingite) volume
increases and C4ASH13 volume decreases. This increases the hydration product volume and
ultimately reduces the chemical shrinkage [182]. Nevertheless, in an OPC-MK system, MK
contributes to chemical shrinkage in two separate ways; shrinkage due to the hydration of cement,
which may be accelerated as a result of the nucleation sites provided by the MK particles and the
shrinkage owing to the reaction between calcium hydroxide released from cement and MK.
Therefore, as Wild et al. [182] stated the hydration products in OPC-MK systems may be
influenced by the curing times and MK replacement levels and thereby the volume changes in
these systems. In the current study, based on the hydration products and associated volume changes
at 10% and 20% MK substitution levels, a chemical shrinkage coefficient was determined for
metakaolin.
6.3.1 Materials and Methods
A Type I cement with a moderate C3A content and a commercially available metakaolin
were used in this study. Table 6-7 indicates the elemental oxide composition of the as-received
materials determined by X-ray fluorescence (XRF) analysis, whereas the mineralogical
composition of cement determined by XRD (X-ray diffraction) from Rietveld analysis is shown in
Table 6-8.
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Table 6-7: XRF Analysis of as-received cementitious material [8]
Analyte
SiO2
Al2O3
Fe2O3
CaO
MgO
Total SO3
Na2O
K2 O
TiO2
P2O5
Mn2O3
SrO
Cr2O3
ZnO
BaO
L.O.I(950˚C)
Total
Na2Oeq

Cement
(w/o)
20.1
5.6
2
64.4
0.9
3.6
0.08
0.47
0.18
0.33
0.03
0.07
0.01
0.03
1.8
99.56
0.39

Metakaolin
(w/o)
51.29
44.16
0.49
<0.01
0.14
<0.01
0.26
0.27
1.12
0.06
<0.01
0.01
0.01
<0.01
<0.01
1.4
99.22
0.44

Table 6-8: Phase composition of cement used obtained from XRD analysis [8]
Phase
C3 S
C2 S
C3 A
Ferrite
Gypsum
Hemihydrate
Anhydrite
Calcite
Portlandite
Syngenite
Quartz
Aphthitalite
Amorphous/
unidentified

Content (w/o)
54.0
17.3
8.4
5.6
4.3
1.4
0.1
0.3
0.2
0.4
0.1
0.2
7.8
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Thermodynamic modeling was performed using the GEM (Gibbs Energy Minimization
Software), version 3 [183]. Three systems namely, CNTRL (control), 10MK (10% cement
replacement with MK) and 20 MK (20% cement replacement with MK) with a w/cm ratio of 0.5
were considered in the analysis. In the counterpart laboratory experiment [8], chemical shrinkage
measurements of the same systems were taken for a period of approximately 40 days in accordance
with ASTM C1608 [184]. Typically, GEMS predicts the phase assemblage considering complete
hydration of all reactants [185]. Since thermodynamic modeling was used as means of validation
of experimental results, the input parameters to GEMS were scaled based on the degree of
hydration of cement fraction and MK fraction at 40 days as determined by XRD (Table 6-9).
Table 6-9: Degrees of hydration (DOH) for OPC and OPC-MK mixtures from PONCKS
method [8]
System

DOH for OPC fraction (%)

DOH for MK fraction (%)

CNTRL

93.5

-

10MK

91.9

66.3

20MK

88.6

61.7

The chemical shrinkage was calculated for each system using the GEMS predicted phase
assemblage according to Equation 6-4. Subsequently, the chemical shrinkage coefficient for MK
was calculated using Equation 6-5, together with degrees of hydration of OPC and MK fractions
listed in Table 6-9.
𝐶𝑆𝑐𝑢𝑚 = 𝑉𝑟𝑒𝑎𝑐 − 𝑉𝑝𝑟𝑜𝑑

Equation 6-4

where 𝐶𝑆𝑐𝑢𝑚 is the calculated cumulative chemical shrinkage of the system (ml/100g), 𝑉𝑟𝑒𝑎𝑐 is the
total volume of the reactants (cement, MK and water) and 𝑉𝑝𝑟𝑜𝑑 is the total volume of the phase
assemblage as obtained from GEMS
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𝐶𝑆𝑀𝐾 =

𝐶𝑆𝑐𝑢𝑚 −𝛼𝑐𝑒𝑚 ∙𝑃𝑐𝑒𝑚 ∙𝐶𝑆𝑐𝑒𝑚
𝛼𝑀𝐾 ∙𝑃𝑀𝐾

Equation 6-5

where 𝐶𝑆𝑀𝐾 is the chemical shrinkage coefficient of metakaolin (ml/100g MK), 𝐶𝑆𝑐𝑒𝑚 is the
chemical shrinkage associated with the cement used (Equation 6-6), 𝑃𝑐𝑒𝑚 is the mass fraction of
the cement in the cementitious system, 𝑃𝑀𝐾 is the mass fraction of the MK in the cementitious
system, 𝛼𝑐𝑒𝑚 is the degree of hydration of cement fraction and 𝛼𝑀𝐾 is the degree of hydration of
MK fraction
The chemical shrinkage associated with the cement used was determined following
Equation 6-6, based on the cement phase fractions determined by XRD and the shrinkage
coefficients of anhydrous phases listed in Table 6-10 [186].
Table 6-10: Chemical shrinkage coefficients for portland cement phases [186], [8]
Phase

Shrinkage coefficient (ml water/g component)

C3 S

0.0704

C2 S

0.0724

C3 A

0.1710

C4AF

0.1170

𝐶𝑆𝑐𝑒𝑚 = ∑ 𝑃𝑝ℎ𝑎𝑠𝑒 𝐶𝑆𝑝ℎ𝑎𝑠𝑒

Equation 6-6

where 𝐶𝑆𝑐𝑒𝑚 is the chemical shrinkage of cement (ml/g), 𝑃𝑝ℎ𝑎𝑠𝑒 is the mass fraction of phase
present in cement (based on XRD) and 𝐶𝑆𝑝ℎ𝑎𝑠𝑒 is the chemical shrinkage coefficient of phase
(from Table 6-10)
6.3.2 Results and Discussion
The phase assemblage obtained from GEMS analysis for the three systems (CNTRL,
10MK, and 20MK) are shown in Figure 6-7. The differences in phase assemblage reflects the
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effect of MK addition and the replacement level. Clearly, the incorporation of MK resulted in a
noticeable decrease in the hydrate volume. The Aft phases observed in the OPC system has
disappeared and the volume of AFm phases has increased in OPC-MK systems due to the
hydration of alumina attributed to MK. As expected, portlandite volume decreased as it is
consumed by MK. Apparently, portlandite is completely consumed at 20% cement replacement
level, forming AFm phases as well as stratlingite.
Table 6-11 indicates the chemical shrinkage calculated using GEMS analysis. The
predicted results were in good agreement with the experimental results as reported in [8].
According to the predicted results, chemical shrinkage was higher in metakaolin blended systems
compared to that of OPC system and it further increased with the increase in substitution level.
Using the predicted cumulative shrinkage along with Equations 6-4 and 6-5, chemical shrinkage
coefficient for MK was calculated for both 10MK and 20MK systems. The estimated MK chemical
shrinkage coefficient was found to be 26 ml/100g MK using both systems.
Table 6-11: Predicted shrinkage and estimated shrinkage coefficient for MK using GEMS
Predicted Shrinkage using GEMS
(ml/100g cementitious)

Estimated Shrinkage Coefficient
for MK based on GEMS (ml/100g
MK)

CNTRL

6.06

-

10MK

7.66

26.36

20MK

8.27

26.01

System
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Volume/100g of cementitious (cm3)

90

Chemical shrinkage

80

OH-hydrotalcite

70

Portlandite

60

C3AH6-hydrogarnet

50

AFm phases

40
Stratlingite
30
AFt phases
20
CSH
10
0
CNTRL

10MK
Mix ID

20MK

C3(AF)S0.84H siliceous hydrogarnet
Pore water

Figure 6-7: Phase assemblage for systems modelled in GEMS
6.3.3 Conclusions
Chemical shrinkage coefficient of a cementitious system is a required input parameter
when proportioning LWA for internally cured concrete. In this study, thermodynamic modeling
was performed to determine the chemical shrinkage coefficient for MK. Two OPC-MK systems
with 10 and 20% cement mass replacement levels were considered. The hydration products
predicted by thermodynamic modeling were a combination of C-S-H, AFm phases and aluminate
hydrates such as stratlingite and siliceous hydrogarnet. A shrinkage coefficient of approximately
26 ml/100g MK was determined which was in agreement with the experimentally determined
value.
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Chapter 7:

Conclusions

The undertaken research study investigated multiple cracking mitigation strategies to
enhance the performance of concrete pavement. The study assessed early-age and later-age
performance of concrete pavement slabs. A battery of field and laboratory experiments were
conducted together with numerical modeling. The following conclusions can be drawn based on
the presented results.
Analysis of paste reduced mixtures using semi-adiabatic calorimetry indicated that a
decrease in the cement content decreased temperature rise as expected. The adiabatic temperature
rise in concrete was reduced by approximately 10C when the cement content was lowered from
534 to 415 kg/m3. This reduction in temperature could be effective in reducing the early-age
thermal stresses. Moreover, it was evident from mechanical properties testing that it is possible to
achieve high strengths using low paste mixtures as the differences in strength values obtained for
base mixture and paste reduced mixtures were not statistically significant. In terms of field stress
development, the paste reduced mix with w/c =0.384 performed better than paste reduced mix at
w/c=0.34, as the latter recorded higher tensile stresses, reflecting an increase in autogenous
shrinkage due to the lower w/c. As the paste reduced mix, prepared using the same w/c ratio as the
base mix, showed enhanced tensile strength and lower tensile stresses compared to the base mix,
it can be recommended as a potential HES mix for full depth repairs.
According to the results of this study the initial stress development in most of the field
slabs were affected by the moisture migration to the base and therefore it is recommended to wet
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the base prior to concrete placement to prevent moisture loss and thereby mitigate the tensile stress
development. Additionally, inclusion of LWA, SRA and fiber controlled the moisture loss to the
base and subsequently decreased the initially induced tensile stresses. While the inclusion of prewetted LWA slightly reduced the concrete strength at early age, it showed a noticeable decrease
in the cracking tendency proving its efficacy as a method of internal curing and also due to its
lower CTE. Moreover, inclusion of SRA and polypropylene fiber showed noticeable decrease in
the initial tensile stress; however, they exhibited the least effects on minimizing cracking risks
after 24 hours, possibly due to the lower dosage of SRA and lower volume of fiber used in this
study.
Field slabs with base friction reducing mediums, specifically the double-layer polyethylene
sheeting, had greatly minimized the moisture loss to the base at early ages, resulting in a reduction
in the initial tensile stresses. However, it did not have a significant effect on stress development
after the first 24 hours. This could be either because polyethylene did not reduce the friction in the
slab-base interface or due to curling effects. On the other hand, the absorption of moisture by
geotextile can result in concrete moisture loss. Pre-wetting the geotextile prior to concrete
placement could potentially overcome this problem. However, after the first 24 hours geotextile
showed some reduction in tensile stresses from a decreased bond between slab and subbase.
Overall, the effect of the base friction modification methods was more pronounced in changing
early-age stress development through base moisture absorption than by reducing friction.
Analysis of the early-age cracking mitigating strategies utilized for HES repair slabs at
later age (50 days of placement), demonstrated results similar to those of early-age for some of the
mitigating measures. The paste reduced mixes showed enhanced tensile strengths and lower
induced tensile stresses compared to the control mix at extended hydration time, proving their
141

effectiveness for early-age as well as long term use. However, inclusion of pre-wetted LWA, SRA
and fiber had minimal effects on the later age field stresses; LWA and SRA indicated slightly
higher stresses compared to that of control slab. In terms of base friction reducing mediums, the
effectiveness of using double layers of polyethylene sheets on stresses is insignificant at the later
age. Similar to early age, this is either because the bond breaking ability of polyethylene was low
or due to curling and gravity effects in the slab. However, the geotextile acted as a bond breaker
between the slab and the base, and showed a significant reduction in tensile stresses at later age. If
the geotextile is moistened prior to slab placement to avoid moisture absorption from concrete at
early age and prevent initial tensile stress development, use of geotextile at the slab-base interface
would be a promising cracking mitigating measure, which is even effective for long term use.
Finite element analyses of HES repair slabs at early-age were performed to understand the
effects of the physical phenomena leading to cracking, their variation within a slab and also to
propose a modeling approach to evaluate HES concrete mixture performance. The behavior of
HES during (1) later–age (2) hydration (3) creep and relaxation and (4) external drying shrinkage
was modeled within logically separated steps.
Initial tensile stresses observed in the field slab above the horizontal mid-plane of the slab,
cannot be attributed solely to the temperature gradient resulting in the field due to hydration and
ambient effects, but also to the effect of moisture transport and subsequent drying. It was modeled
reasonably well by applying an appropriate frictional force between the slab and the base.
However, tensile stresses toward the slab bottom were induced by downward curling, owing only
to the hydration and ambient effects, indicating higher cracking risks in that region during the first
few hours. Subsequently, the same region exhibited compressive stresses caused by upward
curling due to cement hydration deceleration, inducing tensile stresses and thereby higher cracking
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risks toward the slab top. This effect was escalated during drying; the magnitude of the induced
tensile stresses increased and propagated toward the slab top, indicating higher cracking risks due
to increased shrinkage. Certainly, the cracking risks in repair slabs may further increase due to the
additional restraint provided by the dowel bars during full-depth repairs in JPCPs. Therefore,
attention should be paid to concrete mixture design, material selection and construction methods,
to minimize cracking potential in these slabs.
The proposed modeling approach was applied to the concrete mixture with a lower paste
content. The predicted temperature and stress results clearly indicated the effectiveness of the
proposed modeling method in evaluating concrete mixtures prior to field trials. Therefore, if the
required input parameters are determined, the new modeling method can aid in prior evaluation of
the concrete mixtures and hence improve the current rigid pavement maintenance practices and
minimize costly field trials. Moreover, the parameter sensitivity study of replacement slab
dimensions indicated that lower thickness/length ratios results in higher cracking risks.
Additionally, it also indicated that the variability in slab thickness has substantial effect on
cracking potential; lower the thickness, the higher the cracking risks.
Apart from that, the stress distribution at the mid-plane obtained from the FE analyses
indicated variation at the stressmeter location in the vertical direction. Therefore, the stressmeter
used in the field experimental program captures the average stress state in a circular area of its
diameter although it is typically centered at a specific location. Therefore, the size of the
stressmeter recommended for use in similar applications such as slabs or thin walls etc. must be
adequately small. However, this effect would be insignificant for a larger concrete structure with
less acute stress variations within the area occupied by the stressmeter.
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The findings of this study indicated that based on the MIP and NAD measurements, slag
chemical composition has significance on the pore network/structure. The low alumina slag
exhibited a higher total porosity due to the lower rate of hydration. However, the pore volume
below 10 nm was higher in the high alumina slag. This was in good agreement with the autogenous
deformation of high alumina slag after 42 h, which exhibited a higher rate of shrinkage. It implies
that the high alumina slag causes higher autogenous shrinkage and consequently increase the
cracking potential. In such instances, autogenous shrinkage can be minimized by means of internal
curing utilizing prewetted LWA in concrete.
Chemical shrinkage coefficient of a cementitious system is a required input parameter
when proportioning LWA for internally cured concrete. In this study, thermodynamic modeling
was performed to determine the chemical shrinkage coefficient for MK. Two OPC-MK systems
with 10% and 20% cement mass replacement levels were considered. The hydration products
predicted by thermodynamic modeling were a combination of C-S-H, AFm phases and aluminate
hydrates such as stratlingite and siliceous hydrogarnet. A shrinkage coefficient of approximately
26 ml/100g MK was determined. This would allow proper proportioning of LWA to enhance their
performance for applications where MK blended concrete is used, such as bridge decks and
concrete pavements and minimize shrinkage induced cracking risks.
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